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ABSTRACT 


Condensed  combustion  products  collection  and  high  speed  photography  techniques  were  used 
to  study  the  difference  in  combustion  behavior  of  two  aluminized  propellant,  one  with  inert 
binder(IB)  and  one  with  energetic  binder(EB).  The  aluminum  content  and  size  distribution  of  the 
product  particles  were  measured  for  pressures  from  1  to  85  atm.  Both  propellants  contained  the 
same  mass  fractions  of  aluminum  (18%)  and  coarse  AP  (37%)  in  order  to  provide  very  similar 
geometrical  structures,  and  both  propellants  had  essentially  common  burning  rates.  The 
aluminum  combustion  efficiency  is  higher  and  the  characteristic  agglomerate  size  is  significantly 
smaller  for  the  EB  propellant  than  for  the  IB  propellant  (at  43  atm  the  agglomerate  size,  D43,  was 
190  |J,m  for  the  EB  propellant  and  670  |j,m  for  the  IB  propellant).  The  difference  in  combustion 
behavior  also  manifests  itself  in  the  shape  of  the  biuning  surface.  At  7.5  atm  the  characteristic 
roughness  of  the  burning  surface  is  about  300  |im  for  the  EB  propellant  and  about  800  |im  for  the 
IB  propellant.  X-ray  photography  and  visual  observations  of  quenched  particles  show  that 
agglomerates  of  the  same  size  may  differ  significantly  in  structure  and  alxuninum  content,  and 
some  indicate  internal  voids  (i.e.  loss  density).  This  appears  to  be  a  result  of  the  different  initial 
conditions  that  the  agglomerates  are  exposed  to  when  they  inially  form  at  the  burning  surface. 
Size  distribution  of  fine  oxide  particles  does  not  depend  on  either  pressure  or  the  propellant  binder 
(or  on  the  size  of  the  agglomerates).  Mass  size  distribution  of  the  fine  particles  (i.e.  the  somke) 
was  observed  to  have  3  modal  size  in  the  ranges  1,  3.5,  and  7  |im.  The  existence  of  these  three 
modal  sizes  should  be  checked  further  with  independent  experimental  methods.  The  mass 
fraction  of  fine  oxide  particles  from  both  propellants,  corresponds  directly  to  the  amount  of 
aluminum  burned.  Observations  in  movies  shows  that  the  behavior  of  the  burning  agglomerates 
correlates  well  with  the  shadow  diameter  of  the  particles  in  flame  and  does  not  correlate  with 
"halo"  diameter  (or  the  flame  surrounding  the  particle). 

Keywords 

Solid  propellant  combustion,  energetic  binder  aluminum,  agglomeration,  condensed 
combustion  products,  aluminum  oxide,  quenching,  sampling,  particle  size  distribution,  efficiency 
aluminum  combustion,  high  speed  photography,  density  of  particles. 
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1.  INTRODUCTION 


1.1.  Background 

The  advantages  and  disadvantages  of  using  aluminum  as  fuel  in  composite  solid  propellants 
have  been  discussed  broadly  in  the  literature  [1-4],  In  practice,  the  efficiency  of  use  of  aluminized 
propellants  in  solid  rocket  motors  is  determined  not  only  by  conversion  of  chemical  energy  in  the 
heat  of  combustion  but  also  by  formation  of  condensed  combustion  products  that  cause  two-phase 
loss  of  specific  impulse,  slagging  in  the  combustion  chamber  and  erosion  of  the  nozzles.  The 
additional  peculiarity  of  metal  combustion  in  solid  rocket  motors  is  in  damping  of  acoustic  waves 
in  combustion  chamber. 

It  has  been  established  in  numerous  studies  that  virgin  aluminum  particles  merge  in  a 
subsurface  layer  and  form  so  called  agglomerates  that  bum  out  in  flame  generating  oxide  particles. 
The  behavior  of  aluminum  in  a  combustion  wave  can  be  picturized  in  a  following  simplified 
manner.  The  component  formulation  of  the  propellant  determines  its  geometry  structure  and 
burning  rate  depending  on  the  chemical  and  physical  properties  of  components.  The  external 
factors  like  as  pressure,  initial  temperature,  acceleration,  blowing,  strains  and  deformation  may 
make  significant  effect  on  the  burning  rate.  The  agglomeration  of  metal  and  agglomerates 
behavior  (geometrical  structure,  completeness  of  metal  consumption)  depend  both  on  propellant 
formulation  and  combustion  conditions  [5-8]. 

Condensed  combustion  products  consist  of  carbonaceous  residue,  metal  agglomerates  with 
partly  non-consumed  metal,  artd  pure  oxide  particles  which  form  during  combustion  of  metal  on 
the  surface  of  propellant  and  in  agglomerates  moving  away  from  the  surface.  Some  portion  of 
pure  oxide  particles  may  deposit  on  the  surface  of  agglomerates  moving  with  less  than  gas  flow 
velocity  that  changes  the  agglomerate  structure  and  density  [4].  The  evolution  of  agglomerates 
occurs,  assumably,  mainly  due  to  the  vapor  combustion  of  metal  and  deposition  of  certain  portion 
of  the  oxide  formed  [9,  10]  with  following  interaction  of  aluminum  and  AI2O3  that  results  in 
formation  of  vapor  of  aluminum  and  AI2O  leaving  agglomerate  [4].  The  agglomerate  burning  rate 
depends  on  beforementioned  external  factors  and  oxidizer  content  in  the  environment.  Besides,  it 
depends  on  gasdynamics  and  gas  flow  geometry  that  may  affect  the  ejection  of  agglomerates  from 
the  burning  surface  [11,  13].  Flow  geometry  in  combustion  chamber  makes  effect  on  the 
deposition  of  agglomerates  on  the  interior  walls  (slagging)  [14].  To  simulate  the  agglomerates 
behavior  one  needs  to  know  information  about  size  distribution  and  structure  of  initial  and  final 
agglomerates  and  the  laws  of  conversion  of  metal  on  the  burning  surface  and  during  transport  of 
agglomerates  in  the  gas  flow.  A  comprehensive  model  of  agglomerate  behavior  should  consider 
different  stages  of  its  evolution  which  are  still  not  known  in  detail.  In  reality  only  separate  stages 
are  studied  in  the  most  of  the  works:  agglomeration  on  the  surface  [1-5,  7,  8,  15-19,  27], 
formation  of  oxide  particles  [11,  20-22,  35],  modeling  of  aluminum  combustion  in  agglomerates 
[25,  28].  There  are  few  works  [6,  27,  35]  devoting  to  studying  both  agglomeration  and  oxide 
particles  formation  that  provides  valuable  information  for  substantiation  of  the  model  of 
agglomerate  behavior. 
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1.2.  Objectives 

The  goal  of  this  study  was  to  characterize  condensed  combustion  products  of  two  propellants, 
combusted  at  pressure  1-80  atm  in  dependence  on  the  distance  from  the  burning  surface  (0-10 
cm).  The  original  sampling  technique  and  high  speed  movies  provided  information  about  size 
distribution  and  chemical  composition  of  particles  with  sizes  in  1-1000  |xm  range.  The  propellants 
under  study  contained  the  same  fractions  of  aluminum  and  coarse  ammonium  perchlorate  and  had 
close  values  of  burning  rate.  However,  the  propellants  were  based  on  inert  and  energetic  binder 
that  allowed  to  investigate  the  effect  of  binder  nature  on  combustion  of  aluminum  in  flame  of 
composite  propellant. 


3 


2.  MANUFACTURING  AND  CHARACTERIZATION  OF  THE  MODEL  PROPELLANTS 


The  metalized  propellants  were  designated  in  this  work  as  IB  and  EB  in  accordance  with  the 
nature  of  binder  (IB-inert  binder,  EB-energetic  binder).  Some  experiments  were  also  conducted 
with  non-metalized  propellants  IBN  and  EBN  which  are  the  analogues  of  IB  and  EB  formulations. 

The  composition  of  the  propellants  is  presented  in  Table  2.1.  The  results  of  particle  size 
analysis  of  aluminum  (Al)  and  ammonium  perchlorate  (AP)  powders  are  shown  in  Figs  2.1,  2.2, 
2.3.  The  content  of  metal  in  virgin  aluminum  particles  amounts  99.5%. 

The  mixing  of  components  was  performed  in  mortar  made  of  inert  plastics  by  portions  of  80  g 
total  weight.  Curing  of  cylindrical  slab  of  propellant  was  made  in  air  at  SO^C  during  120  hours. 
The  samples  for  combustion  tests  were  cutted  from  the  cured  material  in  form  of  cylinder  with 
diameter  11.5  mm  and  height  about  7  mm.  The  lateral  surface  of  the  samples  was  prohibited  with 
epoxy  glue. 

The  burning  rate  vs  pressure  dependencies  are  presented  in  Fig.  2.4.  It  is  seen  that  the 
pressure  levels  corresponding  combustion  tests  in  similar  conditions  are  slightly  differ.  The  limits 
of  experimental  errors  shown  by  arrays  in  Fig.  2.4  correspond  to  maximum  and  minimum 
magnitude  of  measured  parameters. 

Table  2. 1 .  Propellant  formulations  (%  mass.) 


Propel¬ 

lant 

Energetic 

binder 

Inert 

binder 

Al 

D3o=14pm 

AP 

200-315  pm 

Catalyst 

Density, 

g/cm^ 

IB 

- 

15 

18 

37 

27 

3 

1.62 

EB 

30 

- 

18 

37 

15 

- 

1.73 

IBN 

- 

18.3 

- 

45.1 

32.9 

3.7 

1.70 

EBN 

36.6 

- 

45.1 

18.3 

1.60 

Inert  binder:  isoprene  rubber  (26.4%),  transformer  oil  (69.6%),  additives  (4%) 
Energetic  binder:  nitryl  rubber  plasticized  by  DEGDN  (98%),  additives  (2%). 
Catalyst:  IT-bis  (dimethyloctoxylil)  ferrocene 
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Diameter  of  particle, 

Fig.  2.1.  Mass  size  distribution  for  aluminum  used  for  manufacturing  the  model  propellants. 
Measurements  were  made  by  Malvern  3600E  in  acetone  after  treatment  by  ultrasound  during 
5  min.,  mixer  ON,  size  range  0.5-1 18  pm. 

D^,  pm:  Dio=11.3,  D2o=12.5,  D3o=14.4,  D2i=13.9,  D32=19.2,  D43=29.2,  D53=35.8. 


Diameter  of  particle,  pm 

Fig.  2.2.  Mass  size  distribution  for  fine  AP  with  S  =  6000  cm^/g  used  to  manufacture  the 
model  propellants. 

Measurements  were  made  by  Malvern  3600E  in  hexane,,  mixer  ON,  size  range  0.5-1 18  pm. 
D™,  pm:  Dio=4.3,  D2o=4.0,  D3o=5.1,  D2,=4.8,  D32=8.4,  D43-I7.I,  D53-22.9. 
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Fig.  2.3.  Mass  size  distribution  for  coarse  AP  200-315  iim  used  in  manufacturing  the  model 
propellants. 

Measurements  were  made  by  optical  microscope. 

Dnin,  pm:  Dio=284,  D2o~288,  D3o=292,  D2i=292,  D32=299,  043=306,  053=310. 
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Pressure  P,  atm 

Fig.  2.4.  Burning  rate  vs  pressure. 


3.  METHOD  OF  SAMPLING  THE  CONDENSED  COMBUSTION  PRODUCTS 


3.1.  The  setup  and  experimental  procedure 

The  original  technique  designed  in  the  Institute  for  sampling  and  analyses  of  condensed 
combustion  products  (CCP)  in  wide  size  range  (agglomerates  and  oxide  particles  are  collected  in 
one  run)  has  been  described*previously  [6,  24],  Below  we  describe  briefly  the  particular  features  of 
the  technique  options  used  in  this  study. 

The  blow  through  bomb  (Fig.  3.1)  consists  of  massive  case  1  supplied  with  gas  inlet  12  and 
outlet  7  valves  which  allow  to  maintain  an  appropriate  gas  flow  rate  in  the  bomb.  Inside  the  bomb 
there  is  a  steel  cylinder  5  of  50  mm  in  diameter  with  propellant  specimen  10  mounted  in  the  top 
cover  ^  (inner  part)  of  cylinder.  The  bottom  of  a  cylinder  is  supplied  with  a  set  5  of  metallic  grids 
and  aerosol  analytical  filter  AFA  6.  The  propellant  specimen  is  ignited  by  nichrome  wire  9  and  the 
flame  torch  is  directed  downward.  The  protecting  tube  8  is  slipped  over  a  specimen  providing 
protection  of  combustion  products  against  mixing  with  environmental  gas.  After  leaving  the  tube 
the  combustion  products  mix  with  cold  nitrogen  filling  the  bomb  and  cylinder  interior  through  the 
top  ring  slot  7/(040  -030)  mm  and  lateral  surface  holes  4.  Mass  flow  of  nitrogen  through  the 
bomb  was  3.2  g/s  in  all  runs. 

Using  protecting  tube  of  different  length  allow  to  vary  the  residence  time  of  CCP  particles  in 
flame  environment.  In  the  present  work: 

•  protecting  tubes  with  wall  thickness  3  mm  were  made  of  plexiglass  with  length  L  being 
equal  3  and  10  cm;  in  additional,  the  propellant  samples  were  prepared  without  tube  (L=0)  with 
ignited  surface  being  mounted  flush  with  the  edge  of  inhibitor  layer; 

•  the  diameter  of  specimens  was  11.5  mm,  height  was  6-8  mm,  weight  was  1.3-1.5  g.  The 
lateral  surface  was  inhibited  with  epoxy  glue  that  was  cured  after  insertion  of  the  specimens  into 
mounting  cup  made  of  teflon. 

•  at  identical  conditions  (pressure,  gas  flow,  initial  temperature)  3-4  propellant  samples  were 
combusted  that  provided  total  propellant  mass  burnt  3-4  g  and  generated  1-2  g  of  CCP  used  for 
subsequent  analysis; 

•  the  maximum  rise  of  pressure  during  combustion  run  was  12  atm  in  the  experiments  with 
propellant  EB  at  pressure  80  atm.  The  characteristic  pressure  in  the  individual  run  was  taken  as  a 
half  of  sum  of  initial  and  final  pressures.  The  characteristic  pressure  and  burning  rate  for  a  given 
series  were  chosen  as  arithmetical  mean  values  of  characteristic  pressure  and  burning  rate  for 
individual  runs; 

•  the  nominal  mesh  sizes  of  grids  in  the  set  installed  inside  the  bomb  were  80,  160,  280,  480, 
590,  880  and  1060  pm; 

•  the  CCP  particles  kept  by  grids  in  the  bomb  were  divided  on  fraction  via  wet  sieving  in 
acetone  by  using  grids  with  the  same  mesh  sizes.  After  that  the  fractions  of  CCP  particles  were 
weighed  with  accuracy  no  less  than  0.00015  g  and  were  subjected  to  size  and  chemical  analysis. 
The  latter  was  made  by  permanganatometric  method  [26]  that  allows  to  determine  a  free 
aluminum  content; 

•  particle  size  analysis  was  made  for  coarse  (>  80  pm)  particles  using  optical  microscope.  The 
accuracy  of  size  measurement  can  be  estimated  as  a  half  of  histogram  sub-range.  It  was  equal  9 
pm  for  fraction  80-280  pm,  22  pm  for  fraction  280-590  pm  and  27-42  pm  for  fraction  with  size 
exceeding  590  pm. 
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•  fine  (<  80  |j,m)  particles  were  analyzed  with  commercial  sizer  Malvern  3600E  using  acetone 
as  carrier  liquid  after  3  minute  treatment  by  ultrasound  and  with  continuous  mechanical  mixing  of 
suspension; 

•  the  density  of  fine  particles  was  assumed  to  be  equal  3.71  g/cm^  while  that  of  coarse 
particles  was  determined  individually  as  mean  in  each  fraction. 
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Fig.  3.1.  Chart  of  the  bomb  for  CCP  sampling. 
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3.2.  Treatment  of  the  experimental  data  and  parameters  used  to  characterize  CCP  particles. 

Si  7ft  distribution  function  for  the  entire  population  of  CCP  particles  has  been  defined  on  the 
basis  of  original  computer  code  taking  into  account: 

•  mass  contribution  of  individual  fractions  and  their  size  distribution; 

•  mean  density  of  particles  in  particular  fractions  of  the  CCP; 

•  overlapping  of  the  histograms  corresponding  to  separate  fractions. 

The  results  of  particle  size  analysis  were  picturized  in  the  form  of  histograms  of  the  relative 
mass  of  CCP  fi(D)  defined  as 


Here  m,  is  the  mass  of  CCP  in  the  Mh  size  interval,  nip  is  the  total  mass  of  propellant  burnt, 
ADj  is  the  width  of  i-th  size  interval.  In  other  words  the  value  is  the  density  distribution  of  the 
mass  of  CCP  related  to  the  total  mass  of  propellant.  Hence,  the  total  mass  of  CCP  m-  can  be 
calculated  by 

ffi,  =  JnD)dD. 

The  results  of  chemical  analysis  on  aluminum  content  were  presented  in  the  form  of 
histograms  ff^(D)  defined  as 

where  sf  is  the  mass  content  of  aluminum  in  the  y-th  fraction  which  contains  >th  size 
interval. 


Any  size  distribution  function  can  be  characterized  statistically  by  its  moments.  If  one  defines 
N(D)  as  size  distribution  function  by  number  that  meet  condition 

j  N{D)dD  = 


where  Nx  is  the  overall  number  of  particles,  the  initial  moment  (or  simply  moment)  Mr  is 
determined  by 


M^=  ^ 
"  N. 


1  -^max 

—  \D'N(D)dD 

£>n,in 


Here  ris  the  order  of  the  moment.  If  /  =1  then  Mj  is  the  first  initial  moment  which  is  called 
expected  mean  value. 

Similarly,  the  central  moments  are  defined  as 


1  -^max 

center  ^  J_  f  N(D)dD. 

dL 


If  r=2  then  second  central  moment  that  called  dispersion  (variance). 

When  constructing  a  histogram,  the  particle  sizes  change  discretely  and  all  particles  in  the  Mh  size 
interval  have  conventionally  effective  size  D,  =  Dn+ AD/2,  where  Du  is  the  left  bound  of  the  Mh 
size  interval. 
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Consequently,  calculated  on  the  basis  of  histograms  initial  moments  are 


/=i 


1=] 


where  Jlris  the  number  of  intervals. 

In  analysis  of  polydisperse  powders  more  convenient  is  to  use  the  mean  sizes  Ann  [31,  32], 
Mean  size  (diameter)  D^m-  with  order  {m,  n)  is  associated  with  the  moments  by  formula 


D  —  m-n\ 
mn  -1 


M, 


There  are  several  useful  properties  of  mean  sizes  definition: 


D_.  = 


^30  ~ 
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cy^^Dl,-D, 
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In  the  present  work,  to  calculate  mean  size  Dmn  on  the  basis  of  experimentally  determined 
mass  size  distribution  we  used  following  formula  to  obtain  effective  number  of  particles  Ni  in  a 
given  Mh  size  interval: 


where  density  of  CCP  particles  was  assumed  to  be  the  same  in  overall  size  range  and  equal 
2.25  g/cm^. 

In  a  similar  way  the  "mean  size"  for  aluminum  can  be  calculated  on  the  basis  of  experimental 
data  on  aluminum  content  in  CCP  particles,  In  this  case  the  density  was  taken  to  be  equal 

2.7  g/cm^  and  calculated  value  Nj^'  has  a  conventional  meaning.  The  mean  sizes 
characterize  size  distribution  function  only  and  should  not  be  associated  directly  with  an 
agglomerate  structure,  i.e.  they  don’t  correspond  to  equivalent  size  of  metal  core  within  the 
agglomerate  shell. 


In-completeness  of  aluminum  combustion  rj  was  characterized  by  the  ratio  of  mass  of 
metallic  aluminum  in  CCP  particles  with  size  exceeding  60  |j,m  and  mass  of  metal  in  the 

propellant  samples 


There  are  some  reasons  for  choosing  such  definition  of  rj. 

1 .  The  chemical  analysis  data  show  that  the  main  portion  of  aluminum  is  contained  in  coarse 
CCP  particles  and  from  the  point  of  view  of  practice  the  burn  out  of  aluminum  in  agglomerates  is 
the  most  important  characteristic  of  combustion  behavior  of  metallized  propellant. 

2.  The  error  in  determination  of  true  aluminum  content  in  fine  particles  of  CCP  is  relatively 
high  due  to  small  absolute  magnitude  (less  than  1%)  of  that  value.  It  may  cause  significant  error  in 
determination  of  overall  aluminum  content  in  CCP  because  of  relative  high  contribution  of  fine 
particles  into  total  mass  of  CCP.  Besides,  in  many  cases  there  were  uncontrolled  losses  of  fine 
particles  due  to  damage  of  collecting  filters  (see  discussion  below). 

3 .  The  above  definition  of  rj  coincides  with  commonly  used  in  the  literature  that  allows  to 
compare  appropriate  experimental  data  obtained  by  different  researchers. 
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Let  define  three  additional  parameters  used  to  characterize  the  mass  of  CCP  as: 


mass  of  CCP  with  size  less  than  60  micron 
mass  of  propellant 

mass  of  CCP  with  size  more  than  60  micron 
mass  of  propellant 


total  mass  of  CCP 
mass  of  propellant 


3.3.  The  reproducibility  test  as  the  method  for  estimation  of  experimental  error 

Traditional  methods  to  estimate  the  experimental  error  can  not  be  applied  in  the  most  of  our 
experiments  due  to  complex  and  multistage  procedure  for  deriving  the  experimental  results.  To 
avoid  these  difficulties  and  to  get  reliable  estimation  of  errors  we  used  procedure  called  a 
reproducibility  test.  To  this  end,  two  series  of  experiments  were  conducted  at  identical  conditions. 
The  magnitudes  of  parameters  determined  in  such  a  way  were  treated  as  random  variables  and 
they  were  used  to  calculate  expected  mean  value  and  mean  square  deviation  <t.  The  confidence 
interval  was  estimated  as  ±2  cr,  where  2  is  the  Student  coefficient  corresponding  to  the  confidence 
level  of  70%.  This  coefficient  was  used  to  characterize  reproducibility  of  both  the  experimental 
procedure  and  data  treatment. 

Let  demonstrate  this  approach  in  particular  case  of  determining  error  on  77  -  relative 
aluminum  content  in  coarse  CCP  particles. 

Assume  that  in  each  of  the  >th  CCP  fraction  the  mass  content  of  aluminum  amounts  sf  with 
absolute  experimental  error  The  instrumental  error  of  permanganatometric  method  was 

shown  [26]  to  be  negligible  as  compared  with  experimental  data  scatter.  Unfortunately,  in  real 
conditions  the  latter  could  not  be  determined  for  some  fractions  of  coarse  CCP  particles  due  to 
their  relatively  small  mass.  In  this  case  only  single  measurements  are  available.  To  obtain  upper 
estimate  for  error,  these  data  should  be  characterized  by  the  maximum  experimental  error  known 
for  series  of  runs  at  identical  conditions.  Finally,  the  error  in  determining  a  relative  mass  of  non- 
consumed  aluminum  in  CCP  coarse  particles  can  be  estimated  as 

A77=^ - ,  (*) 

where  Amf  ^  Aef  -nij  and  mj  'xs  the  mass  of  CCP  >th  fraction  (for  particles  >  60  pm). 

For  example,  in  case  of  propellant  IB  combusted  at  P  =  85  atm  and  L=0,  ^  A.m^‘  =  0.024  g 

J 

and  /Dp=3.97  g  that  gives  value  Ar]  =0.006. 

At  the  same  time,  according  to  the  result  of  reproducibility  test  for  two  series  of  experiments 
conducted  at  identical  conditions  rjj  =  0.20  and  7j2=0.23,  i.e.  ri„jean  =  0.215  and 

fj-  +  (‘Hi  mean  f  -00]5 

V  2 
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The  value  Arj  estimated  as  2crwas  found  as  At]  =0.03.  Hence,  in  the  case  under  discussion 
the  reproducibility  of  the  experimental  data  appeared  to  give  figure  higher  than  the  estimated  by 
Eq  (*)  experimental  error.  Therefore  it  was  recommended  to  use  in  further  calculations  the 
maximum  value  of  Arj  (i.e.  derived  in  the  reproducibility  test). 

This  approach  was  also  applied  to  estimate  the  accuracy  of  experimental  values  R>,  R<,  Rs- 

It  was  found  that  the  reproducibility  of  mean  sizes  Dmn  in  different  runs  is  better  than  the 
accuracy  of  measurement  of  particle  sizes.  Therefore,  the  last  one  may  serve  as  an  estimate  for 
error  in  determination  of  mean  sizes  Dmn 

3.4.  The  estimation  of  particle  residence  time  in  flame. 

The  residence  time  of  particles  in  flame  (hot  products  of  propellant  combustion)  was 
calculated,  according  [24],  as  the  time  which  a  particle  spends  to  pass  a  distance  which  is  equal  to 
sum  of  tube  length  and  characteristic  length  of  mixing  of  the  hot  gases  jet  with  cocurrent  flow  of 
nitrogen  [30].  It  is  assumed  that  the  initial  velocity  of  particle  is  equal  zero  and  the  particle  is 
accelerated  due  to  gravity  force  and  drag  (Stokes  law)  force  action.  The  velocity  of  gaseous 
combustion  products  is  determined  approximately  by  the  continuity  equation  in  the  form 

^gp~  PNM"^‘(Dct)/pgp 

where  Pnm\s>  the  density  of  nonmetalized  part  of  metalized  propellant  (yCWs^  was  taken  equal  to 
experimental  density  of  nonmetalized  propellants  IBN,  1.70  g/cm'^  and  EBN,  1.60  g/cm^),  ris  the 
burning  rate,  a  is  the  mass  fraction  of  nongasified  part  of  propellant,  Pgp  is  the  density  of  gaseous 
combustion  products.  The  value  a  was  calculated  as 

a-UAi+ctc 

where  Um  =  0.18  is  the  mass  fraction  of  aluminum  in  the  propellants  BB  and  EB;  ac  is  the 
mass  fraction  of  condensed  combustion  products  formed  from  non-metalized  part  of  propellants 
IB  and  EB.  It  was  assumed  that  ac  =  0.82  /?e,  where  Rz  is  the  mass  fraction  of  CCP  for 
nonmetalized  propellants  IBN  and  EBN.  Correspondingly,  the  value  of  a^was  taken  as: 
ac=0.14  for  propellant  IB  at  P=22  atm,  L=0; 

ac=0.Q9  for  propellant  IB  at  P=84  atm  L=10cm; 

ac=0.08  for  propellant  EB  at  P=22  atm  L=0; 

acf=0.2S  for  propellant  EB  at  P=80  atm  L=10cm. 

In  other  cases  (different  L  and  P)  the  residence  time  was  calculated  with  extreme  values  of  ac 
for  given  propellant  and  obtained  values  of  time  were  averaged.  The  density  of  particles  was  taken 
equal  to  experimentally  determined  for  given  size  range.  For  propellant  IB  particles  density 
changed  in  the  range  0.9-2.9  g/cm^  while  for  propellant  EB  it  varied  in  the  range  1.4-3. 3. g/cm^. 
The  characteristic  size  of  particles  was  taken  as  determined  on  the  basis  of  mass  size 
distributions  obtained  in  the  experiments  with  L  =  0: 

As'^  =489  pm  for  propellant  IB  at  P=22  atm; 

As^  =692  pm  for  propellant  IB  at  P=43  atm; 

As'^  =507  pm  for  propellant  IB  at  P=85  atm; 

A3^=173pm  for  propellant  EB  at  P=22  atm; 

Ab'^  =200  pm  for  propellant  EB  at  P=44  atm; 

As"^  =171  pm  for  propellant  EB  at  P=85  atm. 
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The  molecular  mass  of  gaseous  combustion  products  was  taken  equal  M=27,  dynamic 
viscosity  is  described  by  [33]:  (Pas).  The  flame  temperature  Tf=  7^=3350 

K.  Typical  values  of  calculated  parameters  realized  in  experiments  are  as  follows:  velocity  of  gas 
combustion  products  is  2-3  m/s  at  P  =  85  atm,  3-5  m/s  at  44  atm  and  5-8  m/s  at  22  atm,  the 
characteristic  length  for  mixing  of  combustion  products  with  environmental  gas  is  3  cm. 
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4.  EXPERIMENTAL  DATA  ON  CONDENSED  COMBUSTION  PRODUCTS 


4.1.  Experimental  program 

The  experiments  on  collection  of  condensed  combustion  products  (CCP)  were  conducted  at 
pressure  levels  about  20,  40  and  80  atm  with  protecting  tube  length  of  3  sizes:  L=0,  L=3  cm  and 
L=10  cm.  In  order  to  evaluate  the  contribution  of  non-metallized  part  of  propellant  into  the  total 
mass  of  CCP  for  metallized  propellant  special  experiments  were  conducted  on  combustion  of 
propellants  IBN  and  EBN  (see  Table  2. 1  with  component  composition).  These  experiments  were 
performed  at  P=20  atm  with  L=0  and  at  P=80  atm  with  L=10  cm  that  should  correspond  to  the 
minimum  and  maximum  magnitudes  of  contribution  due  to  combustion  of  non-metallized  part  of 
propellant. 


4.2.  Overall  characteristics  of  mass  size  distribution  of  CCP 

The  typical  total  (in  the  range  from  0.5  pm  to  maximum)  mass  size  distributions  of  CCP  for 
the  propellants  IB  and  EB  are  shown  in  Figs.  4.  la  and  4.  lb.  The  relative  mass  of  CCP  was  defined 
in  Chapter  3  as 


where  is  the  mass  of  CCP  in  the  i-th  size  range,  is  the  total  mass  of  propellant 
combusted,  A  A  is  the  width  of  the  r-th  size  range. 

In  linear  scale  the  magnitude  of  area  beneath  the  curve  ^  is  proportional  to  the  mass  of  CCP. 
Examining  Fig.  4.1  one  may  conclude  that 

•  the  total  range  of  CCP  particle  sizes  is  rather  broad  with  maximum  size  for  propellant  IB 
(1300  pm)  being  higher  than  for  propellant  EB  (300  pm); 

•  total  size  distribution  can  be  divided  to  two  intervals  with  local  minimum  corresponding  to 
the  size  about  60-80  pm; 

•  propellant  with  energetic  binder  produces  bigger  mass  fraction  of  small  size  (oxide  particles) 
CCP  that  indicates  more  complete  combustion  of  aluminum  in  the  propellant  EB. 

Similar  size  distributions  have  been  published  in  numerous  papers.  Based  on  the  literature  [4, 
6,  16,  17,  27]  and  own  data  we  will  treat  here  the  CCP  with  size  higher  than  60  pm  as 
agglomerates  while  smaller  size  CCP  at  the  total  size  distribution  curve  will  be  treated  as  pure 
oxide  and  carbon  contained  particles.  Such  division  of  CCP  agrees  well  with  the  results  of 
chemical  analysis:  the  content  of  aluminum  in  CCP  with  size  less  than  80  pm  does  not  exceed 
0.7%,  Table  4.1. 

Thus,  with  a  good  accuracy  one  may  determine  depletion  degree  of  aluminum  through  the 
ratio  of  mass  of  neat  aluminum  in  coarse  part  of  CCP  and  mass  of  aluminum  in  propellant. 

To  provide  most  clear  description  of  experimental  data  we  will  discuss  separately  the  results 
corresponding  to  the  coarse  and  fine  size  CCP. 


15 


Relative  mass,  |im 


0.020 

0.015 

0.010 

0.005 

0.000 


J _ I _ 1 _ j _ I _ I _ I _ I _ I _ I _ I _ I _ I _ I 


0 

Inert  binder 

L  =  0  cm 

P  =  43  atm 

_ 

0  200  400  600  800  lo'oo  1200  1400 


Size  of  particle  D, 


E 


O) 

CO 

(C 

E 

I 

(D 

a: 


0.08 

0.07 

0.06 

0.05 

0.04 

0.03 

0.02 

0.01 

0.00 


Energetic  binder 

L  =  0  cm 

L 

1 

P  =  22  atm 

T 


0  50  100  150  200  250  300 


Size  of  particle  D,  fim 


Fig.  4.1.  Typical  mass  size  distribution  of  CCP  for  metallized  propellants  with  inert  (a)  and 
energetic  (b)  binder. 


Tables  4. la,  4. lb.  Chemical  analysis  data  on  aluminum  content  (%  mass.)  in  CCP  individual  fractions. 
(Combined  data  cells  correspond  to  the  joint  fraction  with  small  absolute  mass) 


4.3.  Reproducibility  test  for  coarse  (>  60  pm)  CCP  particles 

The  procedure  to  estimate  the  experimental  error  based  on  reproducibility  test  was  described 
in  Chapter  3.3.  To  this  end  two  series  of  experiments  were  conducted  in  identical  conditions. 

Let  demonstrate  the  results  of  the  reproducibility  of  mass  size  distribution  functions  f(D)  and 
and  their  statistical  parameters  -  mean  diameters  Dmn  and  DnJ^.  Figure  4.2  presents  the 
Data  for  two  series  of  experiments  with  propellant  IB  at  L=0  and  pressure  85  atm.  It  is  seen  that 
casual  differences  in  histogram  form  do  not  result  in  significant  difference  in  values  of  Ann  and 
Dmn^.  The  differences  in  value  rj -  relative  aluminum  content  for  coarse  CCP  particles  for  this  data 
set  are  discussed  above  by  estimation  of  experimental  error  on  rj.  (The  value  of  77=0.20  and  tj  = 
0.23  for  Data  “1”  and  “2”,  respectively). 


Fig.  4.2.  Comparison  of  the  results  on  relative  mass  distributions  of  coarse  CCP  and 
aluminum  in  coarse  CCP  in  two  series  at  the  same  firing  conditions.  Propellant  IB,  85  atm,  L=0. 

Dnm,  pm  for  CCP  particles  >  60  pm 

Data  1;  Dio=197,  D2o=234,  D3o=276,  D2,=279,  D32=3  83,  D43=486,  D53=534. 

Data  2:  Dio=185,  D2o=224,  D3o=266,  D2,=271,  D32=374,  D43=474,  D53=520. 

Dmn'^,  pm  for  aluminum  in  CCP  >  60  pm 

Data  1;  Dio=231,  D20-273,  D3o=315,  D2i=322,  D32=420,  D43=507,  D53=546. 

Data  2:  Dio=278,  D2o=317,  D3o=355,  D2i=363,  032=442,  043=515,  053=549. 
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4.4.  Coarse  size  (  >  60  ^im)  CCP  of  the  propellant  IB. 

Figure  4.3  presents  the  dependence  of  relative  mass  of  non-consumed  aluminum  in  the 
agglomerates  of  propellant  IB  versus  calculated  residence  time  at  different  pressures.  It  is  seen  that 
the  completeness  of  aluminum  combustion  is  relatively  uniform  at  all  combustion  conditions  and 
equals  (l-rj)  =  0.73-0.78.  Such  behavior  is  not  typical  for  similar  propellants  studied  by  us 
previously  where  the  consumption  degree  changed  under  variation  of  environmental  parameters 
by  1.5-2  times. 

Figure  4.4  shows  the  behavior  of  the  relative  mass  of  CCP  particles  >  60  pm  (R>),  <  60  pm 
(R<)  and  (in  whole  size  range  0.5  pm  -A,ax)  collected  at  different  pressures  and  with  varied 
length  of  protecting  tube.  Examining  the  behavior  of  parameter  R>  one  may  recognize  that  it 
varies  in  a  very  restricted  range  that  corresponds  to  stagnation  (strong  retardation)  of  aluminum 
combustion  in  agglomerates.  Weak  variation  of  R>  may  be  attributed  to  redistribution  of  mass 
between  different  fractions  of  CCP  rather  than  to  burn  out  of  aluminum.  To  check  this  assumption 
we  analyze  mass  size  distribution  for  coarse  CCP  particles  collected  at  various  pressures. 

4.4. 1.  Pressure  22  atm. 

There  are  two  modes  in  the  mass  size  distribution  (Fig.  4.5).  The  B-mode  corresponds  to  350 
pm  size  and  does  not  change  its  location  under  variation  of  protecting  tube  length.  The  A-mode  at 
L=0  is  about  3-times  higher  the  B-mode  and  gradually  decreases  in  height  when  L  increases.  The 
content  of  aluminum  in  A-mode  is  relatively  small  at  L=0.  Keeping  in  mind  the  trend  of  overall 
decrease  of  coarse  CCP  mass  (Fig.  4.4,  P=22  atm)  with  tube  length,  one  may  conclude  that  the 
mass  of  oxide  corresponding  to  the  A-mode  transforms  both  to  the  mass  of  coarse  particles  and  to 
the  mass  of  particles  lesser  60  pm.  Mass  size  distribution  becomes  more  uniform  at  long  tube 
combustion  conditions  that  manifests  itself  in  increase  of  characteristic  size  As  from  380  pm  up  to 
510  pm.  The  Table  4.2  presents  calculated  characteristic  sizes  and  It  is  seen  that  with 

long  tube  the  mass  size  distributions  for  CCP  and  aluminum  in  CCP  become  similar,  i.e.  Dmn  —> 
DjJ^.  The  cause  of  similarity  is  a  weak  dependence  of  aluminum  content  on  particle  size  in  the 
range  of  large  sizes  of  CCP  particles.  At  pressure  22  atm  the  aluminum  content  in  CCP  particles  of 
160-880  pm  sizes  changes  in  the  limits  of  26-31%.  Note  that  these  particles  contain  about  60%  of 
mass  of  CCP  with  size  exceeding  60  pm. 

4.4.2.  Pressure  43  atm. 

There  are  A-mode  at  100-200  pm  and  B-mode  at  500-600  pm  in  mass  size  distribution  (Fig. 
4.6).  In  contrast  to  the  previous  case  (22  atm)  A-mode  is  less  in  amplitude  than  B-mode. 
However,  the  maximum  of  mass  size  distribution  for  aluminum  in  CCP  coincides  with  B-mode  for 
CCP  particles  as  in  case'of  22  atm.  This  is  provided  by  almost  uniform  content  of  aluminum  (22- 
28%)  in  coarse  fraction  of  CCP  (280-1060  pm).  The  mass  distribution  functions  at  different  tube 
lengths  are  similar  geometrically  and  statistically.  The  latter  is  confirmed  by  only  20%  difference  in 
characteristic  sizes  A2,  As,  As  with  variation  of  the  tube  length.  It  can  be  stated  that  not  only 
aluminum  depletion  degree  but  also  mass  size  distribution  "freezes"  at  a  relatively  short  distance 
above  burning  surface  during  combustion  at  43  atm. 

4.4.3.  Pressure  85  atm. 

There  are  B-mode  at  400  pm  and  C-mode  at  600  pm  in  mass  size  distribution  (Fig.  4.7).  The 
mode  amplitudes  are  close  in  magnitude  and  characteristic  sizes  As,  As,  As  change  under  tube 
length  variation  by  30%  only.  Hence,  mass  size  distributions  for  CCP  and  aluminum  in  CCP  are 
close  that  is  the  result  of  weak  dependence  (22  to  26%)  of  aluminum  content  in  CCP  fractions 
200-880  pm.  Mass  size  distribution  at  the  longest  tube  length  exhibits  remarkable  A-mode  whose 
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appearance  is  not  accompanied  with  increase  of  mass  of  non-consumed  aluminum  in  the  size 
range  of  100  pm  but  is  accompanied  with  increase  of  total  mass  of  coarse  CCP  particles  (cf  Fig. 
4.4).  These  data  indicate  that  A-mode  appears  due  to  supply  of  mass  of  oxide  from  the  range  of 
fine  CCP  particles.  Thus,  the  experimental  data  for  propellant  IB  show  that  an  evolution  of 
agglomerate  size  distribution  functions  occurs  rather  due  to  their  "own"  transformation  and  not 
due  to  the  bum  out  of  aluminum.  In  the  range  of  residence  times  60-150  ms  (tube  length  3-10  cm) 
a  content  of  aluminum  at  different  experimental  conditions  varies  in  narrow  limits  22-26  %  that  is 
within  the  estimated  error  of  experimental  approach  (±3  %  abs  ).  Mass  size  distribution  of  CCP 
depends  on  pressure,  e.g.  A3=380,  670  and  490  pm  at  L=0  and  corresponding  pressures  21,  43 
and  85  atm.  These  distributions  slightly  vary  under  change  of  tube  length,  mainly  due  to 
transformations  in  the  size  range  around  100  pm.  The  latter  results  in  variation  of  Ao  which  is 
sensitive  to  variation  of  number  of  fine  particles:  Aio  increases  from  90  to  190  pm  at  22  atm  and 
decreases  from  200  to  100  pm  at  85  atm.  It  should  be  noted  that  the  overall  view  of  plots  in  Fig. 
4.3,  showing  the  aluminum  content  in  CCP  at  different  experimental  conditions,  may  not  change 
drastically  under  variation  of  characteristic  size  used  for  calculation  of  residence  time.  For 
example,  a  residence  time  for  Z?=100  pm  at  tube  length  0-10  cm  is  equal  36-74  ms  but  for  A=700 
pm  it  is  equal  61-122  ms,  i.e.  the  ratio  of  residence  times  remains  approximately  constant. 
Remember  that  according  to  experimental  data  the  aluminum  content  in  agglomerates  is  practically 
the  same  starting  from  the  residence  time  50  ms.  It  may  mean  that  aluminum  combustion  has  been 
stopped  at  less  distance  (less  residence  time)  above  beginning  surface.  Note  that  L=0  corresponds 
to  finite  residence  time  50  ms  and  finite  length  of  mixing  with  blowing  the  sample  nitrogen  stream. 
It  is  interesting  that  under  rise  of  residence  time  due  to  both  tube  length  or  pressure  the  size 
distribution  function  becomes  more  uniform,  or  polymodal.  As  a  result,  there  is  no  for  the 
propellant  IB  agglomerates  typical  monotonous  dependence  of  A?  on  pressure  or  burning  rate. 
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Fig.  4.3.  Relative  mass  of  non-consumed  aluminum  in  agglomerates  of  IB  propellant  at  varied 
combustion  conditions. 
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Table  4.2a  Mean  diameter  of  CCP  particles  Z?™,  ttni. 
Propellant  IB,  particle  >  60  pm. 


Pressure 

Tube  length 

P,  atm 

L,  cm 

wm 

Ao 

Ao 

WSM 

Dii 

EH 

22 

0 

89 

100 

125 

381 

472 

22 

3 

189 

219 

262 

534 

615 

22 

10 

185 

214 

254 

247 

359 

513 

584 

43 

0 

235 

285 

344 

345 

502 

669 

742 

44 

3 

143 

182 

240 

232 

417 

627 

708 

43 

10 

195 

250 

318 

322 

85 

0 

197 

234 

276 

279 

534 

84 

3 

143 

184 

232 

236 

528 

84 

10 

98 

120 

161 

148 

535 

Table  4.2b  “Mean  diameter”  of  aluminum  in  CCP  pm 
Propellant  IB,  particle  >  60  pm. 


Pressure 

Tube  length 

y\ 

[ean  diameter  XU,,  pm 

P,  atm 

L,  cm 

Dzo 

Dio 

EH 

Dii 

As 

As 

22 

0 

155 

194 

240 

244 

367 

489 

544 

22 

3 

246 

288 

335 

JE^ 

588 

656 

22 

10 

192 

222 

262 

510 

576 

43 

0 

289 

345 

404 

693 

757 

44 

3 

200 

258 

322 

333 

502 

658 

726 

43 

10 

221 

281 

350 

689 

734 

85 

0 

231 

273 

315 

322 

84 

3 

220 

266 

310 

322 

421 

500 

84 

10 

195 

246 

297 

310 

435 

535 

576 

23 
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Fig.  4.5.  Mass  size  distribution  of  CCP  and  aluminum  in  CCP  (shadowed)  at  different  length 
of  protecting  tube. 

Propellant  IB,  pressure  22  atm,  particles  >  60  pm. 
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Fig.  4.6.  Mass  size  distribution  of  CCP  and  aluminum  m  CCP  (shadowed)  at  different  length 
of  protecting  tube. 

Propellant  IB,  pressure  43  atm,  particles  >  60  |im. 
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Fig.  4.7,  Mass  size  distribution  of  CCP  and  aluminum  in  CCP  (shadowed)  at  different  length 
of  protecting  tube. 

Propellant  IB,  pressure  85  atm,,  particles  >  60  pm. 


4.5.  Coarse  size  (  >  60  pun)  CCP  of  the  propellant  EB. 

4.5.1.  Overall  characteristics. 

Figure  4.8  presents  the  dependence  of  relative  mass  of  non-consumed  aluminum  in 
agglomerates  of  propellant  EB  versus  calculated  residence  time  at  different  pressures. 

Comparison  with  data  presented  in  Fig.  4.3  for  propellant  IB  reveals  that; 

•  Propellant  with  energetic  binder  is  characterized  by  much  higher  depletion  degree  of 
aluminum  in  CCP, 

•  For  propellant  EB  the  dependence  of  aluminum  depletion  degree  on  pressure  exists,  e  g.  the 
value  (I-77)  at  P  =  22  atm  is  equal  ~0.88-0.94  while  at  P  =  84  atm  it  is  equal  0.985. 

•  There  is  dependence  //(L)  for  propellant  EB  at  22  atm  which  is  nonmonotonous  as  in  case 
of  some  other  previously  studied  in  our  laboratory  metalized  propellants. 

The  cause  for  nonmonotonous  behavior  of  rjlL)  is  still  not  clear  and  should  be  checked  in 
future  experiments  with  more  detailed  variation  of  tube  length.  One  of  the  possible  reasons  could 
be  uncertainty  (incorrectness)  in  determination  of  77  value  at  L=0. 

Figure  4.9  shows  the  behavior  of  the  relative  mass  of  CCP  particles  >  60  pm  {R>),  <  60  pm 
(/?<)  and  Rt  (in  whole  range  from  0.5  pm  to  omax)  collected  at  different  pressures  and  with  varied 
length  of  protecting  tube.  The  distinctive  feature  of  this  Figure  as  compared  with  Fig.  4.4 
(propellant  EB)  is  relatively  small  contribution  of  coarse  CCP  particles  into  total  mass  of  CCP .  This 
effect  is  mostly  pronounced  at  84  atm  that  indicates  more  effective  transportation  of  aluminum  in 
combustion  of  propellant  EB. 

Below  we  analyze  the  behavior  of  CCP  size  distribution  at  different  pressures  under  change  of 
protecting  tube  length. 

4.5.2.  Pressures  22  atm  -  84  atm. 

Examination  of  plots  in  Fig.  4. 10  and  appropriate  values  in  Table  4.3  shows  that  the  mass  size 
distributions  both  for  CCP  and  aluminum  in  CCP  are  similar  and  practically  don’t  depend  on 
protecting  tube  length.  Maximum  of  both  distributions  is  in  the  size  interval  120-160  pm. 

Similar  observations  can  be  made  from  examination  of  the  plots  in  Figs.  4.11  and  4.12  along 
with  the  data  of  Table  4.3. 

Comparing  the  data  corresponding  to  maximum  value  of  rj  (P=22  atm,  L=3  cm)  and  its 
minimum  (P=84  atm,  L=10  cm)  it  can  be  concluded  that  the  depletion  of  aluminum  (decrease  of 
rf)  leads  to  decrease  of  the  mass  of  coarse  CCP  particles  (larger  than  60  pm)  and  decrease  of 
aluminum  content  in  CCP  without  remarkable  change  in  size  of  CCP  particles  (see  Figs.  4.10-4.12 
and  Tables  4. 1  and  4.3). 

Special  comments  should  be  made  concerning  existence  of  extra  large  CCP  particles  (up  to 
size  of  1500  pm).  The  estimated  density  of  these  particles  is  4.3  -  6.8  g/cm^  and  in  fact  they  are  the 
combustion  products  of  electrically  heated  nichrome  wire  (initial  density  8.4  g/cm^)  used  for 
ignition  of  the  propellant. 

An  X-ray  photography  of  CCP  shows  that  these  particles  can  be  also  detected  (Fig.  4.13)  in 
CCP  of  the  propellant  with  inert  binder  but  their  contribution  in  total  CCP  mass  of  this  propellant 
is  negligible.  For  propellant  with  energetic  binder  their  contribution  can  be  remarkable  enough. 
Simple  exclusion  of  these  particles  from  consideration  leads  to  the  experimental  error  so  as  they 
are  usually  covered  with  finite  thickness  film  of  aluminum  oxide,  see  Fig.  4.14.  This  makes  extra 
large  particles  very  similar  in  view  to  the  ordinary  CCP  particles  that  prevents  detecting  these 
particles  by  microscope  visualization  technique.  Note  that  nichrome  does  not  react  with  sulfuric 
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acid  used  in  chemical  analysis  for  determination  of  aluminum  content  and  does  not  affect  the  value 
of  the  detected  non-consumed  aluminum  in  CCP. 

When  drawing  the  plots  in  Fig.  4.8  the  presence  of  nichrome  particles  was  taken  into  account 
by  enlargement  of  scatter  limits.  In  addition  ,  the  characteristic  sizes  were  calculated  (Table 
4.3c)  on  the  basis  of  modified  experimental  data,  i.e.  without  extra  large  CCP  particles  which  size 
was  defined  as  larger  than  one  for  which  the  size  distribution  function  decreases  up  to  zero  with 
following  rise  to  the  finite  value. 

Calculated  in  this  way  values  D^^  are  used  for  comparison  of  CCP  particle  sizes  for 
propellants  IB  and  EB,  see  Fig.  4.15.  It  is  seen  that  when  keeping  in  propellant  formulation  the 
same  content  of  aluminum  (18%)  and  coarse  AP  (37%,  200-315  pm)  the  substitution  of  inert 
binder  with  energetic  one  leads  to  essential  decrease  of  mean  volume  size  of  CCP  particles  (from 
700-380  pm  to  230-150  pm).  This  is  accompanied  with  increase  of  completeness  of  aluminum 
combustion  from  0.73-0.77  to  0.88-0.98. 
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=  (Mass  Al  in  particles  >  60|xm)/(Mass  Al  in  propellant) 


Fig.  4.8.  Relative  mass  of  non-consumed  aluminum  in  agglomerates  of  EB  propellant  at  varied 
combustion  conditions. 
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Table  4.3a.  Propellant  EB. 

Mean  diameter  ZU  of  CCP-particles  in  size  range  (60  pm  -  D^ax) 


Pressure 

Tube  length 

ean  diameter  Am,  pm 

P,  atm 

L,  cm 

Ao 

Ao 

As 

22 

0 

191 

22 

3 

120 

124 

129 

128 

141 

167 

197 

22 

10 

127 

132 

138 

136 

151 

185 

225 

44 

0 

123 

130 

138 

137 

156 

187 

219 

46 

3 

134 

140 

150 

146 

173 

265 

376 

45 

10 

145 

154 

169 

351 

84 

0 

96 

101 

109 

163 

198 

87 

3 

90 

96 

109 

102 

141 

304 

457 

80 

10 

117 

129 

163 

143 

261 

670 

869 

Table  4.3b.  Propellant  EB. 

“Mean  diameter”  DtcJ^  of  aluminum  in  CCP  in  size  range  (60  pm  -  D^ax) 


Pressure 

Tube  length 

ViPVRPiPPP 

”  Am^,  urn 

P,  atm 

L,  cm 

Ao 

Ao 

Ao 

Ai 

As 

As 

WiSM 

22 

0 

136 

135 

148 

173 

198 

22  • 

3 

121 

126 

132 

131 

145 

173 

203 

22  • 

10 

127 

132 

138 

136 

151 

186 

225 

44 

150 

223 

46 

3 

160 

443 

45 

10 

146 

155 

169 

337 

84 

0 

113 

117 

124 

122 

138 

171 

201 

87 

3 

115 

125 

138 

135 

168 

218 

80 

10 

149 

132 

222 

637 

Table  4.3c.  Propellant  EB. 

Mean  diameter  Am  of  CCP-particles  in  given  size  range 


Pressure 

Tube  length 

Mean  diameter  Am,  pm 

P,  atm 

L,  cm 

Ao 

Ao 

Ao 

Ai 

A2 

As 

As 

60-380 

22 

0 

124 

129 

142 

IBSl 

165 

60-380 

22 

3 

120 

124 

138 

UBS 

161 

22 

10 

127 

131 

135 

135 

■eeI 

155 

162 

60-520 

44 

0 

123 

130 

138 

137 

ms 

60-520 

46 

3 

134 

139 

144 

144 

156 

172 

183 

60-520 

45 

10 

145 

151 

161 

159 

182 

60-600 

84 

0 

96 

101 

108 

106 

124 

156 

183 

60-600 

87 

3 

89 

95 

103 

■raw 

Hal 

60-600 

80 

10 

115 

123 

136 

■B9 

IBl 

226 

261 

31 


Fig.  4.10.  Mass  size  distribution  of  CCP  and  aluminum  in  CCP  (shadowed)  at  different 
length  of  protecting  tube. 

Propellant  EB,  pressure  22  atm,  particle  >  60  pm. 
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Fig.  4.13.  X-ray  images  of  CCP  particles  and  nichrome  wire. 

a  -  nichrome  wire,  d=300  |j,m. 
b  -  nichrome  wire,  d=500  pm. 

c  -  CCP  particles,  propellant  IB,  44  atm,  L  =  3  cm,  fraction  >  1060  pm. 
d  -  CCP  particles,  propellant  EB,  81  atm,  L  =  10  cm,  fraction  590-880  pm. 

(The  compact  solid  particle  is  covered  with  layer  of  less  density), 
d  -  CCP  particles,  propellant  EB,  83  atm,  L  =  0,  fraction  590-880  pm. 
f  -  CCP  particles,  propellant  IB,  85  atm,  L  =  0,  fraction  480-590  pm. 
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Fig.  4.14.  X-ray  images  of  CCP  particles  and  nichrome  wire. 

a  -  CCP  particles,  propellant  EB,  43  atm,  L  =  3  cm,  fraction  880-1060  pm. 
b  -  CCP  particles,  propellant  IB,  85atm,  L  =  0,  fraction  590-880  pm. 

(The  fraction  includes  small  portion  of  nichrome  particles), 
c-  CCP  particles,  propellant  EB,  45  atm,  L  =  3  cm,  fraction  590-880  pm. 

(The  fraction  consists  mainly  of  nichrome  particles), 
d  -  nichrome  wire,  d=200  pm. 
e  -  nichrome  wire,  d=400  pm. 
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L,  cm 


Fig.  4.15.  Comparison  of  characteristic  sizes  As  of  CCP  particles  for  propellants  IB  and 
EB  at  different  pressures. 
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4.6.  Density  of  coarse  CCP  particles. 


In  the  literature  there  is  a  very  few  data  on  agglomerate  density  [7,  23,  24,  27,  34,  35]. 

In  present  work  the  agglomerate  density  was  determined  for  individual  fractions  of  CCP 
with  size  exceeding  80  pm.  To  obtain  density  value  a  given  CCP  meshed  fraction  was  placed 
on  the  inclined  copper  plate  to  eliminate  electric  charge  and  particles  of  round  shape  have 
been  chosen.  After  that  the  particles  were  weighed  and  examined  by  microscope.  The  density 
was  calculated  by  the  formula 

p  =  mj  {N^dIo), 

where  m  is  the  mass  of  the  particles,  N  is  their  number,  Z%o  is  the  average  size. 

The  estimated  error  was  calculated  by 


Lp=  p- 


To  calculate  Ap  the  instrumental  errors  of  the  method  were  taken  as 

-  AAo  =  9,  22,  30-40  pm  -  in  dependence  of  size, 

-  A/n  =  0.00015  g  (scale  characteristic), 

-  AA^=0. 

A  reproducibility  of  the  experimental  data  can  be  illustrated  by  the  results  obtained  in 
identical  conditions  of  firing. 

Fig.  4.16  gives  mean  density  of  CCP  particles  collected  in  two  separate  experiments  on 
combustion  of  propellant  IB  at  pressure  85  atm  (L=0).  It  can  be  easily  recognized  that  within 
the  relatively  large  scatter  of  the  results  the  particle  density  is  practically  the  same  over  the 
whole  range  of  sizes.  It  can  be  also  concluded  that  if  the  magnitude  of  coefficient  of 
proportionality  is  about  0.00015  it  really  corresponds  to  zero  dependence  of  particles  density 
on  their  size. 

Figures  4.17  and  4.18  present  data  for  IB  and  EB  propellants  combusted  at  different 
pressures  with  tube  length  varied. 

It  is  seen  that  with  propellant  IB  the  density  of  coarse  CCP  particles  practically  does  not 
change  with  size  while  in  case  of  propellant  EB  there  is  trend  to  the  rise  of  mean  density  with 
particle  size.  At  the  same  time  it  should  be  noted  that  a  large  amount  of  particles  have  density 
less  than  2.7  g/cm^  (neat  aluminum  density).  This  indicates  that  the  agglomerates  are  not 
compact  solid  particles. 

Figures  4. 19  and  4.20  present  data  for  propellant  EB  on  CCP  particles  density  in 
dependence  on  pressure  and  aluminum  content.  It  has  been  analyzed  above  that  pressure  rise 
from  22  to  84  atm  increases  aluminum  depletion  degree  in  case  of  propellant  EB  combustion. 
This  causes  increase  of  relative  content  of  aluminum  oxide  in  CCP  particles  and,  as  a  result, 
increase  of  particles  density.  In  case  of  propellant  IB  the  depletion  degree  of  aluminum  is 
almost  the  same  under  varied  conditions  of  firing  and  density  of  coarse  CCP  particles  is  not 
changed  at  different  conditions,  see  Fig.  4.21 .  Finally,  Fig.  4.22  presents  summary  data  on 
coarse  particles  density  for  both  propellants  and  all  conditions  of  firing. 
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Particle  diameter  D^o> 


Fig.  4.16.  Mean  density  of  coarse  CCP  particles  vs  particle  diameter.  Propellant  IB,  P 
85  atm,  L=0.  Data  for  two  individual  firing  tests. 


Density,  g/cnr^  Density,  g/cm^  Density,  g/cm 


Fig.  4.17.  Mean  density  of  coarse  CCP  particles  vs  particle  diameter.  Propellant  IB. 
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Density,  glen?  Density,  g/cm^  Density,  g/cm 


Fig.  4.18.  Mean  density  of  coarse  CCP  particles  vs  particle  diameter.  Propellant  EB. 
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Pressure,  atm 


Fig.  4.20.  Correlation  between  density  and  aluminum  content  in  coarse  particles 

Propellant  EB. 
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Fig.  4.21.  Absence  of  correlation  between  density  and  aluminum  content  in  coarse 
particles.  Propellant  IB. 


Particle  diameter  D, 


Fig.  4.22.  Summary  data  on  density  of  coarse  CCP  particles  for  propellants  IB  and  EB 
correlated  at  different  conditions  of  firing. 


4.7.  Morphological  analysis  of  coarse  CCP  particles 
4, 7.1.  The  types  of  particles. 

The  CCP  coarse  particles  (>  80  pm)  were  examined  by  optical  stereoscopy  microscope 
with  magnification  up  to  56^.  The  appearance  of  particles  was  different  depending  on  the  size 
and  nature  of  material.  Table  4.4  presents  summary  of  the  visualization  data  which  is  followed 
by  description  of  typical  view  of  collected  particles. 

Table  4.4.  Content  of  certain  type  particles  in  coarse  CCP  fractions. 

The  sequence  of  listing  corresponds  to  the  frequency  of  observations. 


Fraction  size,  pm 

Propellant  IB 

Propellant  EB 

80-  160 

AggFl,  Agg,  OxC 

AggFl,  OxC,  Agg 

160-280 

AggFl,  OxC,  Agg,  OxH,  AP 

AggFl,  OxC,  Agg _ 

280-480 

Agg,  OxC 

Agg,  OxC 

480-590 

Agg  _ 

Ass _ 

590-880 

Agg,  Aggirr 

Agg _ 

880-1060 

Agg 

>  1060 

A£H _ _ 

Agg 

agglomerate. 

AP 

ammonium  perchlorate, 

AggFl 

flake  of  agglomerates. 

OxC 

compact  oxide. 

Aggirr 

irregular  agglomerate. 

OxH 

hollow  oxide. 

Agg  (agglomerate)  -  major  condensed  product  of  metallized  propellant  combustion  with 
size  in  the  range  80-2000  pm.  The  particles  have  spherical  or  acom-type  shape  and  are 
covered  with  hard  surface  layer  of  dark  gray  or  black  color.  As  a  rule,  there  is  a  hole  in  a 
surface  layer  through  which  a  non-compact  material  consisting  partly  of  individual  small 
spheres  can  be  seen.  Sometimes  this  material  overflows  the  edge  of  hole. 

A  hard  layer  probably  consists  of  aluminum  oxide  because  it  does  not  react  with  NaOH 
solution  while  non-compact  material  reacts  actively  that  is  easily  detected  by  gas  bubbles 
release.  Fig.  4.23.  When  etching  in  NaOH,  the  agglomerate  releases  through  the  hole  some 
unsolved  condensed  products  (flake)  that  may  indicate  the  presence  of  some  amount  of 
aluminum  oxide  inside  agglomerate.  The  final  residue  after  long  time  etching  in  NaOH  is 
hollow  spherical  shell  with  hole.  It  can  be  seen  through  the  hole  a  wrinkled  interior  surface  of 
the  shell. 

A  hard  surface  layer  in  the  case  of  extra  large  agglomerates  (>  590  pm)  has  some  cracks  that 
enables  measuring  the  thickness  of  layer.  The  mean  layer  width  appears  to  be  about  30  pm. 

The  smaller  agglomerates  have  thicker  surface  layer.  In  the  extreme  case  the  agglomerate 
consists  of  white  or  transparent  sphere  with  small  pit  containing  some  quantity  of  aluminum. 
The  visual  examination  of  a  large  amount  of  agglomerate  particles  allows  to  describe  the 
evolution  of  their  exterior  appearance  as  shown  in  Fig.  4.24.  The  main  portion  of  particles 
examined  with  microscope  corresponds  to  type  Fig.  4,24,  c.  However,  in  case  of  combustion 
of  propellant  EB  at  85  atm,  L=0,  an  original  agglomerate  particle  with  two  opposite  side  cap 
of  aluminum  oxide  was  observed  in  fraction  80-160  pm. 
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Fig.  4.23.  Gas  release  at  the  etching  of  single  Agg-type  CCP  particle  by  1  %  NaOH 
solution.  Time  interval  between  pictures  is  about  5  seconds. 


Fig.  4.24.  Assumed  scheme  of  the  evolution  of  Agg-type  CCP  particle.  While  aluminum 
burns  out,  the  oxide  lobe  becomes  thicker  and  occupies  more  part  of  surface  and  volume  of 
agglomerate. 
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AggFl  (flake  of  agglomerates)  -  non-spherical  shape  aggregates  of  sintered  small 
particles  of  partly  oxidized  aluminum  or  pure  oxide.  The  possible  way  to  form  flake  of 
agglomerates  is  to  sinter  CCP  particles  during  their  deposition  on  the  metal  screens  installed 
above  the  collecting  filter.  The  flakes  of  agglomerates  particles  do  not  destroy  in  course  of 
wet  sieving  of  CCP.  They  contribute  up  to  90  %  of  mass  in  fraction  80-160  pm. 

AP  (ammonium  perchlorate)  -  grains  of  oxidizer  with  size  up  to  200  pm.  Their 
contribution  into  total  amount  of  CCP  is  negligibly  small. 

Aggirr  (irregular  agglomerate)  -  grapes  shape  irregular  accumulate  with  characteristic 
size  250-500  pm  consisting  of  spherical  particles.  There  was  observed  relatively  small  number 
of  Aggirr  for  both  propellants  at  L=0  and  L=3  cm.  They  correspond  to  detached  from  the 
burning  surface  the  non-ignited  aggregates  of  aluminum  particles. 

OxC  (compact  oxide)  -  solid  oxide  particles  with  maximum  size  about  200  pm.  White 
color,  sometimes  transparent. 

OxH  (hollow  oxide)  -  hollow  oxide  shell  without  metal  inside.  Color  and  size  of  these 
particles  is  similar  to  compact  oxide  particles,  but  quantity  is  smaller. 

Two  special  chemical  analysis  were  made  with  non-spherical  (AggFl)  and  spherical 
(Agg+OxC)  particles  in  order  to  compare  aluminum  content.  The  results  are  summarized 
below: 

Propellant  EB,  P=84  atm,  L=0,  Size  range  160-480  pm:  AggFl  -  5  %  Al, 

_ _ _  Agg+OxC  -  8  %  Al 

Propellant  EB,  P=81  atm,  L=10cm,  Size  range  80-280  pm:  AggFl  -  3.3  %  Al 

Agg+OxC  -  5.4  %A1 

In  subsequent  treatment  of  the  experimental  data  the  aluminum  content  in  CCP  particles 
was  averaged  taking  into  account  the  relative  contribution  of  AggFl  and  (Agg+OxC)  particles 
in  total  mass  of  CCP  fractions. 

4. 7.2.  X-ray  flash  photography  examination  of  CCP  particles. 

The  coarse  CCP  particles  were  studied  via  X-ray  photography  in  order  to  determine  their 
spatial  density  distribution. 

A  commercial  X-ray  source  IMA-5  was  used  with  effective  size  of  emission  spot  about 
2.7  mm  and  radiation  scattering  angle  about  40°.  The  voltage  pulse  was  100  kV  in  amplitude 
and  40  ns  in  duration.  The  distance  between  X-ray  source  and  recording  film  was  0.6  to  1  m. 
The  particle  were  placed  directly  on  the  visible  light  protected  envelope  with  film  so  as  the 
magnification  was  equal  1^.  The  commercial  film  RT-1  with  sensitivity  So.gs  >  25  R**  was 
used.  The  negative  images  of  particles  were  examined  using  high  resolution  projection 
scanner  UniScan  (2048x2800  pixels).  The  spatial  resolution  of  the  film  and  scanner  was  about 
40  pm. 

It  has  already  been  mentioned  that  X-ray  photography  allowed  to  determine  nichrome  pollu¬ 
tants  among  CCP  particles.  Another  finding  can  been  illustrated  by  Fig.  4.25.  It  is  seen  that: 

•  There  are  particles  mostly  with  non-uniform  distribution  of  density.  Fig.  4.25,  a,  c,  e,  f 
In  case  of  uniform  density  particles.  Fig.  4.25,  b,  d,  the  attenuation  of  X-ray  gradually 
increases  when  going  to  the  center  of  particle  and  equidensity  lines  have  regular  round  shape. 

•  The  particles  density  does  not  simply  correlate  with  size  and  combustion  test 
conditions. 

To  get  more  detail  information  on  particle  density  distribution  it  is  necessary  to  improve 
spatial  resolution  of  the  technique. 
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Fig.  4.25.  X-ray  images  of  CCP  particles  (a,  b,  c,  e,  f)  and  AP  particles  (d).  The  images  are 
colored  by  five  level  of  gray  (including  white), 
a  -  Propellant  m,  pressure  85  atm,  L=0,  particle  from  fraction  590-880  pm; 

b  -  Propellant  IB,  pressure  85  atm,  L=0,  particle  from  fi-action  280-480  pm; 

c  -  Propellant  IB,  pressure  44  atm,  L=10  cm,  particle  from  fraction  >1060  pm; 

d  -  AP  particle  among  another  AP  particles,  fraction  630-880  pm; 
e  -  Propellant  IB,  pressure  85  atm,  L=0,  particle  from  fraction  480-590  pm; 

f  -  Propellant  m,  pressure  85  atm,  L=0,  particle  from  fraction  880-1060  pm. 


4.8.  CCP  particles  smaller  than  60  pm. 


4.8.1.  Preliminary  notes  (particle's  origin,  analysis  and  collection  peculiarities). 

The  results  of  chemical  analysis  have  shown  that  CCP  fraction  <  80  pm  in  both 
propellants  contains  less  than  0.7  %  mass  of  neat  aluminum.  Hence,  the  particles  of  <  80  pm 
in  size  are  mostly  alumina  containing.  At  the  same  time,  according  to  the  results  of 
experiments  with  non-metalized  propellants  IBN  and  EBN,  there  is  remarkable  amount  of 
carbon-based  small  CCP  particles  with  size  less  than  60  pm.  One  may  assume  that  similar 
particles  could  form  upon  combustion  of  metalized  propellants  as  well.  The  size  distribution  of 
small  particles  was  determined  by  Malvern  3600E  particle  sizer  based  on  light  scattering 
principle.  For  clarity,  we  will  use  below  the  figures  of  corresponding  size  sub-range  (SSR)  in 
order  to  identify  the  size  of  certain  particle.  The  correspondence  between  SSR  figure  and 
dimension  size  range  is  shown  in  Table  4.5. 

Table  4.5.  Correspondence  between  No.  of  SSR  and  dimensional  size  sub-range  (SSR)  for 
histogram  of  particle  sizer  Malvern  3600E  in  mode  with  lens  F=63  mm. 


No.  of  SSR 

Left  bound,  pm 

Right  bound,  pm 

1 

0.5 

1.2 

2 

1.2 

1.5 

3 

1,5 

1.9 

4 

1.9 

2.4 

5 

2.4 

3.0 

6 

3.0 

3.9 

7 

3.9 

5.0 

8 

5.0 

6.4 

9 

6.4 

8.2 

10 

8.2 

10.5 

11 

10.5 

13.6 

12 

13.6 

17.7 

13 

7.7 

23.7 

14 

23.7 

33.7 

15 

33.7 

54.9 

16 

54.9 

118.4 

The  left  bound  of  the  first  SSR  (0.5  pm)  has  conventional  meaning.  More  correctly,  the 
1-st  SSR  contains  particles  with  size  less  than  1.2  pm.  However,  the  time  of  particle 
sedimentation  during  filter  matter  removing  was  specially  chosen  in  the  way  to  precipitate 
particles  >0.5  pm  size.  One  may  expect  that  the  most  portion  of  <  0.5  pm  in  size  particles 
was  left  in  the  carrier  liquid.  In  present  work  the  technique  of  collection  of  small  CCP 
particles  on  the  filter  had  some  unpleasant  peculiarities.  Due  to  the  nature  of  combustion 
products  and  to  the  relatively  low  room  temperature  (it  amounted  +14°C),  the  liquid 
condensate  formed  on  internal  walls  of  cylinder  (Fig.  3.1,  J)  as  well  as  on  the  metallic  screens 
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(Fig.  3.1,  5)  mounted  above  the  filter.  If  the  condensate  drop  occasionally  left  down  on  the 
kter,  the  1-4  holes  with  size  of  1-2  mm  formed  that  resulted  in  uncontrolled  loss  of  particles 
with  size  less  than  80  pm  (the  mesh  size  in  the  closest  to  filter  metallic  grid).  The  information 
about  damage  of  the  filter  is  indicated  in  Table  4.6.  Note  that  the  higher  the  pressure  the  more 
the  probability  of  filter  damage. 


Table  4.6.  Full  list  of  experimental  series  conditions  and  main  parameters 


Propellant 

Pressure 
P,  atm 

Tube 

length 

L,  cm 

Filter  state: 
D-damaged, 
ND  -  safe 

Burning 

rate 

r,  mm/s 

Residence 

time 

calculated 
for  gas,  ms 

Ri 

R< 

IB 

22 

0 

ND 

8.9 

6 

0.19 

IB 

22 

3 

ND 

9 

0.14 

IB 

21 

10 

ND 

10.2 

22 

0.36 

0.20 

IB 

43 

0 

ND 

10.8 

9 

0.35 

0.16 

IB 

44 

3 

D 

19 

0.46 

0.27 

IB 

43 

10 

ND 

14.4 

29 

0.20 

IB 

85 

0 

D 

12.7 

16 

0.28 

IB 

84 

3 

ND 

14.3 

27 

MiEIM 

0.22 

IB 

84 

10 

D 

12.8 

66 

■XSi 

0.24 

EB 

22 

0 

ND 

12.4 

4 

0.37 

0.30 

EB 

22 

3 

ND 

10 

0.28 

EB 

22 

10 

ND 

17 

■m 

0.36 

EB 

44 

0 

ND 

15.6 

7 

0.60 

0.57 

EB 

46 

3 

D 

16.6 

13 

0.47 

0.44 

EB 

45 

10 

ND 

14.2 

32 

0.64 

EB 

85 

0 

ND 

no  data 

12 

0.51 

EB 

87 

3 

D 

19.1 

22 

MiltM 

0.36 

EB 

80 

10 

D 

14.7 

68 

0.47 

0.45 

IBN 

22 

0 

D 

10.0 

00 

0.17 

«0.17 

IBN 

85 

10 

ND 

14.8 

7‘> 

0.12 

«0.12 

EBN 

23 

0 

D 

13.3 

6*> 

<«0.09 

EBN 

86 

10 

D 

18.9 

2r> 

_ 

0.35 

«0.35 

*)  -  calculated  at  Tf  =  2500  K. 

4.8.2.  The  reproducibility  test. 

Figure  4.26  presents  the  plots  with  mass  size  distribution  of  CCP  particles  less  than  60 
pm  in  size  and  calculated  particle  mean  sizes  obtained  after  treatment  of  experimental  results 
for  propellant  IB  in  two  series  of  runs;  one  with  damaged  and  another  one  with  non-damaged 
filter.  The  most  pronounced  difference  in  size  distributions  is  observed  in  the  range  of  small 
sizes  (1  and  2  SSR)  that  can  be  attributes  to  the  loss  of  tiny  particles  through  the  holes  in  the 
filter.  In  these  experiments  the  ratio  R  -  (mass  of  CCP  particles  <  60  pm)/(mass  of  propellant 
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sample)  was  equal  0.31  and  0.28  for  the  run  with  non-damaged  and  damaged  filter, 
correspondingly.  The  fact  of  the  filter  damage  is  reflected  in  Fig.  4.4  as  enhanced 
experimental  data  scatter. 


Fig.  4.26.  Mass  size  distribution  of  CCP  particles  less  than  60  pm  in  logarithmic  (a)  and 
linear  (b)  coordinates.  The  results  of  two  parallel  series  at  the  same  conditions  are  shown.  In 
one  of  them  the  filter  was  damaged  and  some  fraction  of  particles  was  lost  through  the  holes. 
Propellant  IB,  pressure  85  atm,  L=0 

Mean  diameter  Aui  calculated  in  size  range  0.5-60  pm 


Mean  diameter  Aui,  pm 

Ao 

Ao 

Ao 

Di, 

D^i 

A3 

As 

Without  loss 

0.9 

1.0 

1.1 

1.0 

1.4 

3.0 

4.3 

With  loss 

1.1 

1.3 

1.9 

1.6 

3.6 

8.7 

11.6 
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4. 8.3.  CCP  particles  of  less  than  60  pm  size,  propellant  IB. 

Figures  4.27-4.29  present  the  experimental  data  on  size  distribution  of  fine  CCP  particles 
of  propellant  IB.  Characteristic  mean  sizes  are  presented  in  Table  4.7a. 

Let  analyze  in  detail  Fig.  4.27  because  all  experiments  at  pressure  22  atm  were  conducted 
with  non-damaged  filters.  The  bottom  plot  presents  also  mass  size  distribution  of  CCP  for 
non-metalized  propellant  IBN  (dotted  curve).  It  was  drawn  using  scaling  coefficient  0.82  (to 
take  into  account  the  aluminum  content  in  propellant  IB).  This  curve  can  be  treated  as 
potential  contribution  of  CCP  from  non-metalized  portion  of  propellant  IB  into  total  mass  of 
CCP  for  this  propellant.  It  is  easy  to  recognize  that  CCP  of  non-metalized  propellant  have 
sizes  less  than  18  pm  with  maximum  of  distribution  being  in  6-th  SSR.  When  comparing  mass 
size  distributions  for  IB  and  IBN  propellants,  it  is  seen  that  they  are  not  similar.  This  may 
result  from  the  fact  that  the  temperature  of  combustion  of  metalized  propellant  is  higher  and 
the  contribution  of  non-metalized  part  of  propellant  in  total  amount  of  CCP  is  not  significant. 
At  L  =  3  cm,  P  =  22  atm  one  may  recognize  3  characteristic  peaks  on  mass  size  distribution. 
These  are  D,  E  and  F  which  correspond  2-3,  6-7  and  9th  SSR.  Similar  peaks  can  be 
recognized  at  pressures  43  atm  and  84  atm.  The  existence  of  these  peaks  should  be  checked 
by  independent  experimental  data.  However,  there  are  literature  data  reporting  on  multi¬ 
modal  size  distribution  of  CCP  for  aluminized  propellants  [21,  22,  35].  In  particular,  in 
combustion  of  propellant  with  15%  aluminum  at  40  atm  there  were  found  the  peaks 
corresponding  to  submicron  and  3-4  pm  sizes  [21],  When  residence  time  for  particles 
increased  from  6  to  19  and  to  31  ms  the  peaks  changed  appropriately  from  0.4  to  0.5  and  to 
0.7  pm  in  submicron  size  range  and  from  3.6  to  3.9  and  to  4.3  pm  in  micron  size  range.  The 
mean  mass  diameter  of  particles  Dm  calculated  in  the  range  0-20  pm  changed  according  the 
relationship  [21]  Dm  =  3.3-exp(0.0I-lX  where  t  is  residence  time. 

The  plots  with  time  dependence  of  characteristic  particle  sizes  for  propellant  IB  (pressure 
84  atm)  are  shown  in  Fig.  4.30  in  comparison  with  data  [21], 

4.8.4.  CCP  particles  of  less  than  60  pm  size,  propellant  EB. 

Figures  4.31-4.33  present  mass  size  distribution  of  CCP  particles  for  propellant  with 
energetic  binder.  Characteristic  mean  sizes  are  presented  in  Table  4.7b. 

Let  analyze  plots  in  Fig.  4.31  (pressure  22  atm,  propellant  EB).  The  bottom  plot  shows 
mass  size  distribution  of  CCP  particles  for  non-metalized  propellant  EBN  which  is  drawn 
using  scaling  coefficient  0.82  (to  take  into  account  the  aluminum  content  in  propellant  EB). 
The  exterior  appearance  of  CCP  for  propellant  EBN  is  similar  to  that  for  propellant  IBN  but 
their  potential  contribution  to  total  amount  of  CCP  for  propellant  EB  is  rather  small.  As  in  the 
case  with  propellant  IB,  the  peaks  D,  E,  F  corresponding  to  1-3,  6-7  and  9th  SSR  can  be 
recognized  in  Fig.  4.31.  The  amplitude  of  the  D-peak  increases  when  L  increases.  Because  of 
remarkable  depletion  of  neat  aluminum  with  L  (see  Fig.  4.8,  ri(t)  )  it  can  be  assumed  that 
enhancement  of  mass  in  submicron  SSR  (D-peak)  occurs  due  to  formation  of  submicron 
oxide  particles  resulted  from  aluminum  combustion  in  vapor  regime.  With  L  =  10  cm  E  and  F 
peaks  merge  and  the  relative  mass  of  particles  of  size  more  than  10  pm  increases.  It  can  be 
supposed  that  these  particles  form  due  to  complete  burn  out  of  agglomerates.  Indeed, 
according  to  theoretical  and  experimental  findings  [9,  10]  about  17%  of  theoretical  available 
oxide  is  deposited  on  the  burning  drop  of  aluminum.  Therefore,  the  residual  oxide  mass  can 
be  calculated  by  m„,  =  niArO.  17- 1.889^  0.32-nh\i.  where  1.889  \s  the  stoichiometry  coefficient 
in  conversion  aluminum  into  AFO^.  In  terms  of  diameters  one  obtains 
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Do.  =  DArJo32-^  =  0.6]-VA, 

V 

Taking  as  Dai  which  is  equal  29  |im  for  aluminum  powder  under  study,  one  obtains 
Dox=\^  inm.  The  presence  in  CCP  of  oxide  particles  of  this  size  may  indicate  that  some  part  of 
virgin  aluminum  particles  burns  individually  in  propellant  EB  flame  and  gives  oxide  particles 
in  the  range  10-40  pm.  It  is  interesting  to  note  that  the  sum  of  ignition  delay  and  bum  out 
times  for  30  pm  aluminum  particles  is  about  10  ms  [2,  34]  that  agrees  well  with  calculated 
residence  time  for  aluminum  particles  in  flame  of  propellant  EB  at  L  =  3  cm  (12  ms)  and  L  = 
10  cm  (19  ms).  It  should  be  noted  that  complex  transformation  of  size  distribution  of  CCP 
particles  under  discussion  leads  to  non-monotonous  change  in  Z?mn  values  with  tube  length 
(Table  4.7b).  As  addition,  in  Tables  4.7c  and  4.7d  there  are  presented  characteristic  mean 
sizes  Z>mn  for  CCP  particles  of  propellants  IBN  and  EBN. 

4.8.5.  Unified  features  of  small  oxide  particles  formation  and  evolution. 

Let  examine  evolution  of  the  mass  size  distribution  for  small  particles  (<  60  pm)  in 
dependence  only  on  residence  time  in  flame  environment.  To  this  end,  we  will  treat  the  results 
of  experiments  with  non-damaged  filter.  The  sequences  of  distributions  for  propellants  IB  and 
EB  are  shown  in  Figs.  4.34,  4.35.  For  both  propellant  3  peaks  on  distributions  can  be 
recognized:  D  (1-3  SSR,  0.5-1. 9  pm),  E  (6-7  SSR,  3-5  pm),  and  F  (9  SSR,  6.4-8.2  pm).  The 
D-peak  is  higher  than  others  by  1 .3-2  times.  Due  to  relatively  large  experimental  data  scatter  it 
is  difficult  to  discuss  variation  of  the  characteristic  particle  size  and/or  amplitude  of  the  peak 
with  time.  However,  the  amplitude  peak  value  correlates  with  completeness  of  aluminum 
combustion  in  propellants  IB  and  EB.  Note,  that  according  to  chemical  analysis  data  the 
consumption  of  aluminum  stops  and  the  discussed  size  distributions  correspond  to  the 
evolution  of  oxide  particles  after  quenching  of  aluminum  combustion  (agglomerate 
combustion).  It  is  seen  from  Figs.  4.34,  4.35  that  the  shape  of  size  distribution  function  for 
small  particles  is  conservative  in  spite  of  the  change  of  the  binder  type  and  variation  of  large 
agglomerate  size  (£>45  =  1 60  pm  for  propellant  EB  at  P=84  atm,  L  =0  and  £>43  =680  pm  for 
propellant  IB  at  P=43  atm,  L  =  10  cm).  Such  conclusion  could  not  be  made  in  case  of 
"coarse"  oxide  particles  formed  in  course  of  alumina  deposition  on  the  burning  agglomerate 
(metal  drop).  For  those  particles  size  distribution  function  should  correlate  with  that  for 
agglomerates. 
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Fig.  4.27.  Mass  size  distribution  of  CCP  particles  less  than  60  pm  at  different  protecting 
tube  length. 

Propellant  IB,  pressure  22  atm. 
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Fig.  4.28.  Mass  size  distribution  of  CCP  particles  less  than  60  pm  at  different  protecting 
tube  length. 

Propellant  IB,  pressure  43  atm. 
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Fig.  4.29.  Mass  size  distribution  of  CCP  particles  less  than  60  pm  at  different  protecting 
tube  length. 

Propellant  IB,  pressure  84  atm. 


Table  4.7a.  Propellant  IB.  Mean  diameter  Am  of  CCP-particles  in  size  range  0.5-60  pm 


Pressure 

Tube  length 

Mean  diameter  Z7mn,  pm 

P,  atm 

L,  cm 

— 

Ao 

Ai 

Aa 

BSBI 

22 . . 

0 

mnm 

2.8  . 

mm 

mm 

■Ml 

■IH 

22 

3 

1.3 

1.5 

1.9 

1.8 

mum 

mm 

22 

10 

1.1 

1.3 

1.9 

1.6 

nn 

9.1 

11.9 

43 

0 

1.6 

2.2 

2.0 

4.4 

9.0 

11.5 

44 

3 

1.1 

1.6 

1.5 

2.7 

4.8 

5.8 

43 

10 

1.3 

1.6 

2.2 

2.0 

4.3 

10.2 

14.4 

85 

0 

0.9 

1.0 

1.1 

1.0 

1.4 

3.0 

4.3 

84 

3 

1.1 

1.4 

2.1 

1.8 

4.9 

12.9 

16.9 

84 

10 

1.1 

1.4 

2.3 

1.8 

6.0 

18.2 

23.5 

Table  4.7b.  Propellant  EB.  Mean  diameter  An  of  CCP-particles  in  size  range  0.5-60  pm 


Pressure 

Tube  length 

Mean  diameter  Am,  tini  | 

P,  atm 

L,  cm 

Ao 

Ai 

Aa 

As 

22 

0 

1.2 

1.5 

1.9 

1.7 

mM»M 

mm 

msmi 

22 

3 

1.0 

1.2 

1.4 

1.3 

mm 

4.8 

6.0 

22 

10 

1.0 

1.1 

1.4 

1.2 

5.3 

7.3 

44 

0 

1.1 

1.3 

1.8 

1.5 

7.8 

10.8 

46 

3 

1.4 

1.8 

2.6 

mMM 

5.5 

13.1 

17.0 

45 

10 

1.0 

1.2 

1.6 

mm 

2.7 

6.6 

8.7 

84 

0 

1.1 

1.4 

2.0 

wtm 

4.5 

12.3 

16.7 

86 

3 

1.1 

1.4 

2.0 

1.7 

4.6 

14.0 

18.9 

80 

10 

0.9 

1.0 

1.1 

1.0 

1.3 

1.8 

2.3 

Table  4.7c.  Propellant  IBN.  Mean  diameter  Am  of  CCP-particles 


Pressure 

Tube  length 

Mean  diameter  Dmn,  pm 

P,  atm 

L,  cm 

I^Sii 

Dio 

Ai 

Aa 

As 

As 

22 

0 

1.5 

1.9 

2.4 

4.5 

14.8 

84 

10 

1.3 

1.6 

2.3 

2.1 

4.3 

7.9 

mm 

Table  4.7d.  Propellant  EBN.  Mean  diameter  ZU  of  CCP-particles 


Pressure 

Tube  length 

Mean  diameter  Z?nm,  pm 

P,  atm 

L,  cm 

Ao 

Ao 

Ai 

Aa 

As 

As 

23 

0 

1.4 

1.9 

2.8 

2.5 

6.1 

18.9 

30.0 

86 

10 

1.5 

2.1 

3.3 

2.9 

8.2 

28.1 

41.5 

56 
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Fig.  4.30.  Mean  diameters  Am  for  CCP  particles  of  size  less  than  60  pm  in  dependence 
of  residence  time  calculated  for  gaseous  products. 

Propellant  IB,  pressure  84  atm. 

Dotted  line  is  the  empirical  temporal  dependence  for  mean  mass  size  A(t)  [21]  for  the 
propellant  containing  1 5  %  aluminum  tested  at  the  pressure  40  atm. 
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Fig.  4.31 .  Mass  size  distribution  of  CCP  particles  less  than  60  tim  at  different  protecting 
tube  length. 

Propellant  EB,  pressure  22  atm. 
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Fig.  4.32,  Mass  size  distribution  of  CCP  particles  less  than  60  pm  at  different  protecting 
tube  length. 

Propellant  EB,  pressure  45  atm. 
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Fig.  4.33.  Mass  size  distribution  of  CCP  particles  less  than  60  |.im  at  different  protecting 
tube  length. 

Propellant  EB,  pressure  84  atm. 
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6  msec  -  pressure  22  atm,  L=0.  Dotted  line  -  propellant  IBN  at  the  same  conditions  of  testing. 
9  msec  -  pressure  43  atm,  L=0. 

22  msec  -  pressure  22  atm,  L=10  cm. 

27  msec  -  pressure  84  atm,  L=3  cm. 

29  msec  -  pressure  43  atm,  L=10  cm. 


I^.arri  ‘SSBLU  9A!lB19y 


Particle  diameter, 

Fig.  4.35.  Evolution  of  the  mass  size  distribution  of  CCP  particles  <  60  pm  in  dependence  of  residence  time  for  propellant  EB. 
4  msec  -  pressure  22  atm,  L=0.  Dotted  line  -  propellant  EBN  at  the  same  conditions  of  testing. 

7  msec  -  pressure  44  atm,  L=0.  10  msec  -  pressure  22  atm,  L=3  cm. 

17  msec  -  pressure  22  atm,  L=10  cm.  32  msec  -  pressure  45  atm,  L=10  cm.  12  msec  -  pressure  85  atm,  L=0. 


5.  fflGH  SPEED  PHOTOGRAPHY  DATA 


5.1.  Experimental  technique. 

Experiments  on  subsurface  zone  visualization  during  burning  of  propellants  EB  and  IB 
have  been  carried  out  under  pressure  of  1  and  7.5  atm.  The  visualization  has  been 
accomplished  by  high  speed  photography  under  pulse  periodic  illumination  (1.5  microsecond 
pulse  duration)  using  xenon  lamp  ISH-400  as  a  light  source  (Fig.  5.1). 

Samples  under  study  had  a  shape  of  rectangular  slabs  with  following  dimensions:  8  mm 
in  height,  6  mm  in  width,  3  mm  in  thickness  (in  direction  of  the  optical  axis  of  the  set  up).  The 
samples  have  been  made  by  cutting  from  the  bulk  of  propellant.  The  lateral  surface  of  the 
samples  was  not  inhibited.  Flame  torch  was  directed  upwards  in  all  experiments.  The  samples 
were  ignited  by  nichrome  wire  heated  by  electric  current.  Experiments  at  P=1  atm  were 
carried  out  in  air,  ones  at  P=7.5  atm  were  accomplished  in  bomb  in  nitrogen  environment.  To 
prevent  window  contamination  a  low  velocity  blowing  of  the  windows  and  sample  was 
performed  during  combustion  run.  Pressure  rise  in  the  vessel  during  combustion  did  not 
exceed  0.7  atm  at  full  pressure  of  7  atm.  The  set  of  blue  light  filters  was  placed  behind 
drawing  lens  to  suppress  self  illumination  of  burning  agglomerates.  High  speed  16  mm  camera 
SKS-IM  used  in  the  experiments  has  been  modified  as  follows:  rotating  prism,  that 
compensates  the  image  displacement  on  a  film,  was  removed,  the  dimensions  of  the  field  stop 
placed  in  front  of  the  film  were  enhanced  providing  the  total  area  of  image  16x15  mm^  (i.e. 
image  frame  involves  film  perforation).  Records  of  each  experiment  were  carried  out  on  the 
film  with  length  of  30  m.  In  this  case  approximately  a  thousand  frames  contain  useful 
information.  Space  resolution  in  all  tests  was  about  15  micron,  focal  depth  in  the  object  space 
at  P=7.5  atm  was  about  1  mm.  Image  magnification  on  a  film  in  tests  at  P  =  1  atm  was  4*  ;  at 
p  =  7.5  atm  it  was  3' ;  frame  repetition  frequency  at  P=1  atm  was  equal  2.5  kHz  (propellant 
EB)  and  3.0  kHz  (propellant  IB);  at  P  =  7.5  atm  it  was  equal  2.0  kHz  for  both  propellants. 
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Fig.  5.1.  Optics  arrangement  for  high  speed  shadow  photography  of  burning  propellants 
under  pulse  illumination: 


1  - 

xenon  flash  lamp  ISH-400; 

7  - 

bomb  window; 

2  - 

lens-collector; 

8  - 

aperture  stop; 

3  - 

aperture  stop; 

9  - 

drawing  lens; 

4  - 

lens-condensor; 

10  - 

color  filter; 

5  - 

bomb  window; 

11  - 

high-speed  movie  camera  SKS-IM. 

6  - 

propellant  specimen; 
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5.2.  Peculiarities  of  experimental  results  processing. 

Movies  obtained  in  the  tests  were  statistically  treated  in  a  standard  manner.  Discrete 
distributions  of  particle  sizes  (histograms)  were  obtained  for  different  type  of  particles  ejected 
from  the  burning  surface.  On  the  basis  of  histograms  the  averaged  diameters  Am  were 
determined  (without  additional  treatment  of  size  distributions).  For  all  histograms  obtained  the 
following  condition  was  fulfilled: 


where  N  -  total  number  of  particles  in  statistics;  -  sample  dispersion  (variance)  of 
distribution,  a%  =  dIo  -  D\o  '■>  size  interval  used  in  constructing  the  histograms. 

Note  that  histograms  obtained  by  treatment  of  high  speed  photography  data 
corresponding  atmospheric  pressure  have  relatively  crude  size  interval.  The  reason  is  that  the 
major  portion  of  condensed  phase  in  CCP  of  both  propellants  are  particles-aggregates  for 
which  error  in  size  estimation  is  relatively  large  due  to  irregular  shape.  The  existence  of  great 
number  of  such  particles  indicates  poor  combustion  of  propellant.  Histograms  can  be  used  for 
quahtative  description  of  propellant  burning  at  atmospheric  pressure  and,  in  general,  there  was 
no  special  goal  to  obtain  more  reliable  quantitative  data  on  size  distribution  of  CCP  particles. 
When  deriving  parameters  of  agglomerates  motion  the  distance  was  measured  between 
particle  center  and  burning  surface  in  direction  of  flow  line.  Flow  lines  were  visualized  by 
lengthy  smoke  tail  of  burning  agglomerates  (Fig.  5,2,  5.3).  Particle  velocity  values  were 
calculated  on  the  basis  of  data  on  distances  passed  by  the  particles.  The  unique  size  interval 
has  been  chosen  for  statistical  treatment  of  size  distribution:  at  P=1  atm  it  was  equal  50  pm 
while  at  P=7. 5  atm  -  22  pm. 


5.3.  Experimental  Results. 

5.3. 1.  Characteristics  of  CCP  particles  in  the  flame  of  tested  propellant. 

When  examing  the  film  records  of  burning  tested  propellants  at  atmospheric  pressure  the 
particles  near  the  surface  have  been  classified  into  3  types  (Fig.  5.4): 

a) .  Round  shape  particles  heaving  typical  halo  of  smoke.  It  is  generally  recognized  that 
they  are  burning  metal  agglomerates.  Fig.  5.4a. 

b) .  Particle  with  irregular  shape  (non-compact,  coral  type,  scarred  boundary  particles 
with  recognizable  porosity).  Fig.  5.4b.  When  constructing  histograms  a  diameter  of  such 
particles  was  determined  by  comparing  particle  image  with  a  circle  with  the  same  area  as  area 
of  particle  image.  The  diameter  of  the  circle  was  considered  to  be  conventional  diameter  of 
the  particle  (so  called  mean  projected  diameter).  It  is  necessary  to  note  that  the  irregular 
particles  rotate  in  random  manner  during  motion  in  gas  flow.  This  leads  to  occasional  angular 
position  and  shape  of  particle  when  it  is  exposed.  Due  to  this  effect  shadow  image  of  the  same 
particle  may  have  different  shape  and  dimensions  (equivalent  diameter)  in  neighboring  frames. 
In  this  case  arithmetical  mean  equivalent  diameter  derived  from  the  images  on  the  neighboring 
frames  considered  to  be  the  equivalent  diameter  of  the  particle. 

c) .  Compact  particles  having  smoothed  boundaries  and  typical  light  spot  inside  due  to 
lens  effect  caused  by  the  light  propagation  through  the  grain  of  AP  crystal.  Fig.  5.4c.  From 
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high  speed  photography  test  results  it  follows  that  at  P=7.5  atm  almost  all  particles  in  flame  of 
propellants  EB  are  the  burning  metal  agglomerates.  At  the  same  about  25%  of  number  of 
relatively  large-scale  particle-aggregates  leaves  the  burning  surface  of  IB  propellant.  These 
particles  are  finally  melted  and  form  drops  at  the  distance  of  0-3  mm  from  the  burning  surface. 

5.3.2.  Burning  surface  profile  and  burning  rate. 

Series  of  subsequent  burning  surface  profiles  of  IB  and  EB  propellants  burning  at  P=7.5 
atm  are  presented  on  Fig.  5.5.  The  values  of  linear  burning  rates  obtained  by  treatment  of 
these  profiles  are  as  follow;  r  =  5.0±0.2  mm/s  in  the  case  of  propellant  IB,  r  =  5. 5+0. 2  mm/s 
in  the  case  of  propellant  EB.  Figures  5.5a,  5.5b  shows  uniformity  (layer  by  layer  character)  of 
samples  burning  down  and  typical  dimensions  (scales)  of  heterogeneities  on  the  burning 
surface  of  propellant  IB  (a)  and  EB  (b).  The  typical  profile  heterogeneities  for  propellant  EB 
are  several  times  as  much  in  comparison  with  propellant  EB. 

5.5.3.  Size  distribution  and  velocities  of  particles  leaving  burning  surface. 

Figures  5. 6-5. 8  present  histograms  of  size  distribution  by  number  for  particles  in  the 
flame  of  propellants  IB  and  EB  at  P=1  atm  and  P=7.5  atm. 

The  results  of  measurements  of  particle  velocities  and  sizes  are  displayed  in  Fig.  5.9,  5.10 
in  the  form  of  velocities  vs  distance  from  the  burning  surface  plots.  The  marks  connected  by 
segments  correspond  to  the  same  particle.  Only  particles  with  images  within  the  focal  depth  of 
the  object  space  on  two  or  more  neighboring  frames  have  been  selected  for  these 
measurements.  The  value  (l/bix),  where  Ux  is  the  inertia  relaxation  time  of  particle- 
agglomerate  in  the  gas  flow  has  been  used  as  a  parameter  for  experimental  points  in  Fig.  5.9, 
5.10.  It  was  calculated  as  follows: 
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tr/v 


18// 


D  halo  *  P  Aj  * 


\  D  halo  J 


The  numerical  values  of  this  parameter  (dimension  1/s)  are  shown  in  legend  on  Fig.  5.9, 
5.10.  It  is  necessary  to  note  that  diameter  of  halo  was  determined  as  its  maximum  dimension 
in  the  normal  direction  to  the  gas  flow.  As  a  rule,  agglomerate  sizes  and  halo  dimensions  do 
not  vary  during  the  whole  sequence  of  frames  containing  their  image.  As  it  follows  from  the 
plots  on  Fig.  5.9,  5.10  even  at  constant  values  of  (l/Ux)  there  is  a  significant  scatter  of  data. 
This  effect  may  occur  due  to  local  velocity  fluctuations  of  gas  flow  in  different  points  of  the 
flame. 

In  Fig.  5.1 1  ratio  between  halo  diameter  and  particle  diameter  is  plotted  versus  particle 
diameter  for  both  propellants  and  two  values  of  pressure.  In  spite  of  significant  scattering  the 
experimental  data  it  should  be  noted  that  the  values  of  this  ratio  at  P=7.5  atm  are  within  the 
range  of  1.4  -2  and  1.8  -  2.4  at  P=1  atm  Data  presented  on  Fig.  5.12  show  that  the  value 
(1/trix)  much  better  correlates  with  a  diameter  of  particles  than  with  a  halo's  diameter.. 

5.5.4.  Mass  balance  and  representativity  of  high  speed  photography. 

To  estimate  representativity  of  size  distribution  of  CCP  particles  obtained  by  high  speed 
photography  the  calculations  on  aluminum  mass  (volume)  balance  in  initial  sample  and  in 
agglomerates  leaving  the  burning  surface  have  been  carried  out.  The  estimations  have  been 
made  for  IB  and  EB  propellants  at  P  =7.5  atm.  The  calculated  volume  A  Kca/c  of  metal 

leaving  the  burning  surface  during  time  period  Aris  as  follows: 
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A  Vcaic  =  Az-a-r-AT-^^j-k 

where  Az  -  focal  depth  in  the  image  space,  a  -  frame  width  in  the  plane  of  object,  r  - 
linear  burning  rate  of  the  sample,  -  volume  fraction  of  aluminum  in  bulk  of  initial  sample, 

k  -  coefficient  to  account  for  conversion  degree  of  aluminum  of  agglomerate  into  oxide  and 
thermal  expansion  of  aluminum  and  oxide.  It  is  obviously  that  =  uai  '  Ppj Pai  ’  where 

-  mass  fraction  of  aluminum  in  propellant,  Pp  -  average  density  of  a  sample,  Pai  -  density  of 
aluminum.  Condensed  phase  volume  measured  in  the  test  equals: 

AV,es,^^Dl,-  AN , 
o 

where  Ao  -  mean  volume  diameter  calculated  on  the  basis  of  size  distribution,  AN  - 
number  of  particle-agglomerates,  leaving  the  burning  surface  during  period  Ar.  Thus: 

AV,,s,^  1  npl,  AN  Pa, 

AVcaJc  6  Ar  a-r-aAi-pp 

Each  value  in  this  formula  has  limited  accuracy.  From  the  general  point  of  view,  the 
following  values  may  have  considerable  errors:  A,  Az,  Uai  ,  Ao  Specifically,  error  of  Az 
depends  upon  subjective  error  of  researcher  when  selecting  particle  images  on  a  film.  Errors 
of  aAi  may  occur  because  of  local  fluctuation  of  aluminum  content  when  a  small  volume 
sample  (tenth  parts  of  mm^)  is  burnt.  Errors  of  Ao  can  be  estimated  as  ±AA/2,  where  AD  s 
22  pm  is  the  value  size  sub-range  (during  accumulation  of  histogram).  Let's  estimate  the 
above  expression  with  following  values  of  parameters:  k=  1.2,  Az=  1  mm.  Ate  0.25  s,  pAi- 
2.7  g/cm‘\  a  =  5  mm,  a^;=0.18,  and  (Ao  =220  pm,  AA^sl39  particles,  r  s5.0  mm/s,  p^ 
=1.62  g/  cm’)  for  propellant  IB  or  (Ao-  =124  pm,  AA^s495  particles,  r  =5.5  mm/s,  p^  =1.73 
g/  cm^)  for  propellant  EB.  Substituting  these  values  and  taking  into  consideration  errors  of 
Ao  we  obtain: 

^  «  1.1 1  =  0.83  for  propellant  IB, 

AV^, 

^  «  0.67  =  0.40  for  propellant  EB. 

AVc^c 


Taking  into  account  the  errors  of  parameters  used  in  calculations  the  closeness  of  the 


values 


A  V  test 
A  calc 


to  1  can  be  considered  as  satisfactory.  The  fact  that  the  major  part  of  mass  (in 


case  of  propellant  EB)  is  in  the  form  of  high-disperse  particles  with  sizes  less  than  10  pm 
(which  is  below  space  resolution  for  this  method)  may  explain  the  lack  of  mass  of  CCP 
recorded  in  experiments  with  propellant  EB.  Experiments  show  that  for  propellant  EB  at  22 
atm  near  the  burning  surface  approximately  40%  of  condensed  phase  mass  is  in  the  form  of 
particles  with  sizes  less  than  5  pm. 


66 


Fig.  5.2. 

The  neighboring  frames  in  high  speed  shadow  photography  of  combustion  of  propellant 
pressure  7.3  atm,  frame  repetition  frequency  2  kHz. 


Fig.  5.3. 

Individual  frames  of  high  speed  photography  records.  Propellant  EB,  pressure  7.5  atm,  frame 
repetition  frequency  2  kHz. 
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a  b  c 


^  250  |im  ^ 

Fig.  5.4. 

Different  particle  types  in  flame  zone  adjusting  the  burning  surface  (propellant  IB  and  EB, 
atmospheric  pressure); 

a  -  burning  agglomerate; 
b  -  aggregate; 
c  -  AP  crystal. 
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Fig.  5,5.  Series  of  successive  burning  surface  profiles  of  IB  (a)  and  EB  (b)  propellants 
burning  at  P=7.5  atm.  The  profiles  were  plotted  on  the  basis  of  images  obtained  by  high  speed 
shadow  photography  under  pulse  periodic  illumination.  Numbers  on  the  right  from  the  curves 
are  corresponding  points  of  time.  Sample  thickness  in  both  cases  was  approximately  equal  to 
3  mm. 
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Fig.  5,6.  Histograms  of  number  size  distribution  of  particles  in  flame  of  propellant  IB 
(height  above  surface  0-3  mm),  P=]  atm,  air.  High  speed  shadow  photography  under  pulse 
illumination  by  Xe-lamp,  pulse  frequency  3  kHz. 

.  “aggregates"  of  irregular  shape,  N  =  544. 

Am,  [im:  Ao=56,  Ao=73,  Ao=89,  Ai=95,  A2=129. 

- -  burning  A1  agglomerates,  N  =  28. 

Am,  tim:,  A()=75,  Ao=91,  Ao=103,  Ai=1  1 1,  A2=I33  pm 

-  compact  particles  with  speck  inside  image,  N  =  34. 

pm;  Ao=134,  Ao=137,  Ao=140,  Ai=140,  A2=145  pm 
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Fig.  5.7,  Histograms  of  number  size  distribution  of  particles  in  flame  of  propellant  EB 
(height  above  surface  0-3  mm),  P=1  atm,  air.  High  speed  shadow  photography  under  pulse 
illumination  by  Xe-lamp,  pulse  frequency  2.5  kHz. 

.  "aggregates"  of  irregular  shape,  N  =  299. 

^mn,  pm!  79i()~37,  Z^o~47,  58,  ZTii— 58,  Z9i2~89. 

— —  burning  aluminum  agglomerates,  N  =  117, 

Z?nin,  prn:,  Z7io=61,  D3o=79,  Z^i=82,  Z^2“99. 


72 


Fig.  5.8.  Size  distribution  of  burning  aluminum  agglomerates  by  number.  Propellants  IB 
(257  particles)  and  EB  (449  particles),  pressure  7.5  atm,  nitrogen.  Height  above  burning 
surface  0-3  mm.  High  speed  shadow  photography  under  pulse  illumination  by  Xe-lamp,  pulse 
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Fig.  5.9.  Plots  of  particle-agglomerates  velocities  in  the  flame  versus  distance  from  the 
burning  surface  for  propellant  IB  at  P=7.5  atm.  The  marks  connected  by  segments  correspond 
to  the  same  particle.  The  values  (l/trh)  in  s"'  are  presented  in  frame  on  the  plot. 
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Fig.  5.10.  Plots  of  particle-agglomerates  velocities  in  the  flame  versus  distance  from  the 
burning  surface  for  propellant  EB  at  P=7.5  atm.  The  marks  connected  by  segments 
correspond  to  the  same  particle.  The  values  (l/Ux)  in  s'^  are  presented  in  the  right  out  the  plot. 
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Fig.  5.11.  Plots  of  ratio  Dhaio/Dparticie  versus  particle  diameter  for  propellants  EB  and  IB  at 
atmospheric  and  elevated  pressure. 
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Fig.  5,12 

The  value  (l/Fix)  as  a  function  of  particle  diameter  and  halo  diameter.  Propellant  EB,  P=7,5 


CONCLUSIONS 


The  methods  of  condensed  combustion  products  collection  and  high  speed  photography 
were  used  in  order  to  reveal  difference  in  combustion  behavior  of  aluminized  propellants  with 
inert  and  energetic  binder.  The  propellants  contained  the  same  mass  fractions  of  aluminum 
and  coarse  AP  that  provided  very  similar  geometrical  structure.  The  expected  residence  time 
for  aluminum  particles  in  subsurface  layer  and  in  the  flame  was  also  similar  due  to  small 
difference  in  burning  rates  (12  mm/s  for  propellant  IB  and  16  mm/s  for  propellant  EB  at 
pressure  43  atm).  Nevertheless,  according  to  experimental  data  the  combustion  efficiency  of 
aluminum  higher  and  characteristic  sizes  of  agglomerates  significantly  smaller  in  case  of 
propellant  with  energetic  binder.  For  example,  at  pressure  43  atm  we  found  for  propellant  EB 
2?43  =  190  pm,  rj  =  0.01  and  for  propellant  IB  =  670  pm,  7  =  0.25  (jj  corresponds  to 
fraction  of  non-consumed  aluminum  in  agglomerates).  The  difference  in  combustion  behavior 
manifests  itself  also  in  the  shape  of  burning  surface.  According  high  speed  photography  data 
the  roughness  of  burning  surface  at  7.5  atm  is  about  300  pm  for  propellant  EB  and  about  800 
pm  for  propellant  IB.  Consequently,  characteristic  sizes  of  agglomerates  near  (above)  the 
burning  surface  differ:  Ao  =  124  pm  (propellant  EB)  and  Ao  =  220  pm  (propellant  IB). 

Chemical  analysis  of  aluminum  content  in  agglomerates  showed  that  variation  of 
agglomerate  size  distribution  is  caused  by  evolution  of  oxide  particles  population  in  the  flame 
rather  than  the  burn  out  of  aluminum.  It  can  be  concluded  that  for  propellants  under  study  the 
combustion  of  aluminum  ceased  at  a  relatively  short  distance  above  the  burning  surface. 
Supposedly,  high  completeness  of  aluminum  combustion  for  propellant  with  energetic  binder 
is  caused  by  the  deep  conversion  of  aluminum  in  subsurface  layer. 

It  is  interesting  to  note  that,  in  case  of  propellant  EB,  the  higher  oxide  portion  in 
individual  agglomerate  the  higher  agglomerate  density  is.  Such  correlation  does  not  exist  in 
case  of  propellant  IB.  The  data  of  X-ray  photography  and  visual  observations  show  that  the 
agglomerates  of  the  same  size  may  differ  significantly  in  structure  and  aluminum  content.  It  is 
a  result  of  different  initial  structure  of  agglomerates  formed  at  the  burning  surface. 

Size  distribution  of  fine  oxide  particles  does  not  depend  on  pressure  and  nature  of 
propellant  binder  (as  well  as  on  the  size  of  agglomerates).  Mass  size  distribution  of  these 
particles  presumably  has  3  peaks  in  the  ranges  0.5-1. 9  pm,  3-5  pm,  and  6.4-8.2  pm.  The 
existence  of  the  listed  peaks  should  be  checked  further  with  independent  experimental 
methods.  For  both  propellants  mass  fraction  of  fine  oxide  particles  corresponds  directly  to  the 
amount  of  aluminum  burnt. 

Thus,  a  combination  of  sampling  and  high  speed  photography  techniques  allows  to 
obtain  valuable  information  on  aluminum  agglomeration  and  condensed  combustion  products 
behavior  in  combustion  of  aluminized  propellants.  It  should  be  noted  that  the  observed  in 
movies  behavior  of  burning  agglomerates  correlates  well  with  shadow  diameter  of  particle  in 
flame  and  does  not  correlate  with  "halo"  diameter.  However,  there  is  no  enough  experimental 
data  to  describe  the  beginning  stage  of  agglomeration  ejection  from  the  surface  as  well  as  on 
metal  conversion  in  subsurface  and  adjusting  to  surface  zone.  Therefore,  in  the  future  study  it 
is  reasonable  to  manufacture  special  model  propellants  which  may  generate  as  uniform  as 
possible  agglomerates  at  the  burning  surface  with  well  characterized  geometry  structure  and 
proper  ballistic  parameters  of  the  propellant. 
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